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Abstract

Abstract

In chapter 1, General introduction of material strengthening by severe plastic
deformation (SPD) and equal channel angular pressing (ECAP) was described. The
majority of papers on SPD materials have been devoted to the face centered cubic
(FCC) structure materials such as Al, Cu and Ni. For body centered cubic (BCC) metals,
carbon steels have mostly been studied from a practical view point. A non-equilibrium
structure of grain boundaries in ECAP processed is an important evidence for
investigating the interactions of lattice dislocations with grain boundaries. Annealing,
tensile, fatigue, corrosion fatigue and corrosion behavior was described for ultrafine-

grained (UFQG) structured material.

In Chapter 2, microstructural development of ultralow C, N, Fe-Cr alloy and
pure copper processed by ECAP has been examined focusing on the initial stage of the
formation of UFG structure. Fe-Cr alloys were pressed at 423 K while pure copper at
room temperature for 1 to 3 passes via the route Bc to compare at the equivalent
homologous temperature. Microstructural evolutions were characterized by electron
backscatter diffraction (EBSD) image and transmission electron microscopy (TEM). It
was found that deformation structures were mostly deformation-induced subboundaries
in both the materials after one pass, but the fraction of high-angle grain boundary
(HAGB) became higher in the Fe-Cr alloys than in pure copper in subsequent passes by
increasing misorientation of the boundaries. The more enhanced formation of HAGB in
Fe-Cr alloys was discussed in terms of the nature of crystal slip of FCC and BCC

structures.

In Chapter 3, the effect of the deformation route on the microstructure, and the
mechanical and corrosion properties of this alloy by ECAP have been investigated
focusing on the anisotropy of the microstructure. This alloy was pressed at 423 K from
one to eight passes via routes A, Bc and C, and the microstructure was observed in three
orthogonal planes. As has been acknowledged, overall grain fragmentation proceeded

most effectively in route Bc. However, the degree of anisotropy of microstructural
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development was different among the three deformation routes. The fractions of HAGB
and mean grain boundary misorientation were high and nearly isotropic in route Bc,
whereas they were considerably low in one direction and highly anisotropic in routes A

and C.

In Chapter 4, the post-ECAP annealing was carried out from 473 until 1373 K
for one hour after eight passes of route Bc. The microstructure and hardness were then
analyzed by EBSD, TEM, and X-ray diffractometer (XRD), and micro hardness.
Hardness tests after post-ECAP annealing showed typical three stages softening
comprising the first stage of relatively constant hardness, and the second stage of
significant softening and final stage of constant hardness. In the second stage, grains
grew uniformly, which differ from typical nucleation-and-growth mode of
discontinuous recrystallization. It was found by X-ray line broadening analysis that
strain was released in early stage prior to the significant softening stage. It was
suggested that the homogeneous grain growth was led by the uniform grain distribution

with a HAGB fraction.

In Chapter 5, The ECAP processed and post-ECAP annealed sample was
characterized by tensile testing. The initial of this alloy exhibits a longer elongation and
lower tensile strength. After one, two, four and eight passes, the tensile strength
increases while the elongation decrease drastically. It can be seen that with the
increasing number of extrusion passes the tensile strength increases while the elongation
decreases. This implies that the improvement in strength accompanies the loss of the
ductility in the ECAP processed sample. After the annealing, the tensile strength of the
samples extruded by one, two, four and eight passes decreases, while the elongation
increases. In general, the ductility of the ECAP processed samples can be improved by
annealing at the sacrifice of a little decrease of tensile strength. However, the slight
increase of tensile strength after annealing for the samples pressed by two passes is
abnormal, which may be attributed to the experimental errors caused by the small

sample dimension and the estimation of the tensile strength.

Vii




Abstract

In Chapter 6, an assessment of the mechanical properties, in particular cycle
fatigue resistance, compared with microstructural evolution in ECAP processed sample
with deformation route was investigated in term of a better understanding of their
microstructural evolution and low cycle fatigue (LCF) behavior. The fatigue life of the
ECAP processed via route Bc specimens is much shorter than that of route A. This
result is not unexpected in view of their lower ductility. LCF behavior after ECAP for
up to four passes shows that the deformation microstructure remained fine and stable
after cyclic deformation. However, the LCF life decreased along with the limited

ductility, as is commonly observed for materials manufactured by ECAP.

In Chapter 7, effect of annealing on pitting corrosion of UFG structure material
has been investigated in terms of effect of strain energy and grain size reduction. UFG
structures of initial grain size of 140 nm exhibited the typical three stage softening
comprising recovery, recrystallization and grain growth. Pitting potential in 1000
mol-m™ NaCl solution was higher in UFG state, but it started to decrease monotonously
at lower temperature than hardness. The degradation of corrosion resistance in the early
stage of annealing is attributed to stability change of passivation by recovery of

dislocations structures inside grains and in non-equilibrium grain boundaries.

In Chapter 8, the corrosion fatigue life of the ECAP processed and post-ECAP
annealed sample was analyzed. Under annealing temperature of 773 K, due to the
recrystallization stage, there was a little difference in microstructure from the four
passes ECAP. This results implies that the improvement in strength accompanies with
the loss of the ductility in the ECAPed sample. After the annealing process, the tensile
strength of the samples extruded four passes decreases, while the elongation increases.
Corrosion fatigue test on ECAPed and post-ECAP annealed sample was clarified that

crack initiation started from corrosion pits and propagated.
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Chapter 1. Introduction

1.1. Background on ultrafine-grained (UFG) material

The research in material strengthening is one of the main topics in materials
research and development. Hall-Petch relationship predicted an increase of the strength
and hardness with small grain achievement [1,2]. UFG structured materials have been
well produced by several techniques. Research and development in UFG material has
greatly grown along with growing scientific paper and articles [3-5]. Severe plastic
deformation (SPD) is new technique that was developed to produce UFG structured
material in polycrystalline materials, especially in face centered cubic (FCC) metal. The
present research will discuss about plastic deformation on bulk UFG microstructure
material especially of low C, N Fe-20%Cr steel as a pure body centered cubic (BCC)

metal.

1.1.1 SPD application

SPD technique was applied to obtain submicrometer grain size of ferritic
stainless steel [6]. SPD technique fragment polycrystalline into UFG structure with 100
nm to 1 pm grain size. Advantages of SPD technique are to obtain UFG material free of
pores, keeping the same specimen dimension and producing non-porous material. SPD
technique applied a very large plastic deformation on the material. The three applicable
SPD techniques are accumulative roll bonding (ARB), high pressure torsion (HPT) and
equal channel angular pressing (ECAP).

1.1.1.1. ARB technique

ARB technique used two sheets of metal for applying a very large plastic
deformation. The two sheets of metal are stacked and rolled together to 50% reduction
such that the two sheets become bonded together, as shown in Figure 1.1 [7]. This
technique is carried out repeatedly; cutting into two, degreasing, stacking together and

again rolling in the subsequent passes, to get a large plastic deformation on material.
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Figure 1.1. Schematic of ARB [7].
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Figure 1.2. Schematic of HPT [8].
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1.1.1.2. HPT technique

Grain refinement by HPT technique used directional strain process where the
strain direction remains the same path. HPT technique deform a disc shaped specimen
which deformed by simple shear between a rotating bottom anvil and a fixed upper
anvil, as shown in Figure 1.2 [8]. HPT technique has ability to do grain refinement for

brittle materials such as intermetallic compound.

1.1.1.3. ECAP technique
ECAP technique is a technique which applies a very large plastic deformation on
material without changing dimension of the specimen, and well known as a technique to
improve mechanical properties. The ECAP die is a block in which two channels of
identical cross sections intersect at an angle @, as shown in Figure 1.3 [9-13]. ECAP
can be carried out repeatedly for same specimen to reach a level of plastic deformation.
The accumulating of equivalent strain can be calculated after N cycles, and can

be written as [14]:

£ —l[Zcot(E+g>+‘Pcosec(g+z>] (1.1)
N3 2 2 2 2

when @ is angle of intersection of two channels and and ¥ is the angle by the curvature
of outer corner. The three deformation routes of ECAP have mainly been proposed as
shown in Figure 1.4. In Route A, the sample is pressed without rotation. In Route Bc,
the sample is rotated 90 degrees counterclockwise between each pass. In Route C, the
specimen is rotated by 180 degrees between passes.

Interaction of shear plane of three types of deformation routes can be explained
in a cubic element, as shown in Figure 1.5 [15]: If a cubic element is taken on the
deformed element in plane X as shown, the profile of the deformed element in that
plane can be obtained. The shearing patterns show that there are significant differences
between the three processing routes. In route A, the samples are introduced to the same

shear plane in every pass and led to a progressive compression of the grains in plane X
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Figure 1.5. Interaction of shear plane for ECAP routes A, Bc and C for the first, second,
third and fourth ECAP passes [15].
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as illustrated by the shaded rectangles. In plane Y, the deformed element becomes
progressively elongated in the X-axis. The important characteristic of processing by
route A is the development of distortions on plane X and Y. In route Bc, the element
experiences distortion in plane X but the initial profile is restored after every four
consecutive passes. In route C, the element’s initial profile is restored after every
alternate pass on plane X. The significance of rotating billets about the X-axis has been
studied by examining the resultant microstructure of the deformed samples processed by
the different routes. Based on these explanations, it can be produced most effectively

grain refinement by using route Bc while routes A and C are less effective.

1.1.2. Deformation induced UFG material

The process of grain refinement by SPD can be divided into different stages.
Figure 1.8 shows eight different orientation image maps (OIM) of an interstisial free
(IF) steel during ECAP, the stages are [19]: (1) as the microstructure gradually changes
from a cellular structure to a granular structure, the first thing that can be noticed is the
build-up of a dislocation structure inside the existing grains, (2) the dislocation structure
evolves into a typical deformation microstructure with cells and cell blocks, (3) with
further deformation, the grain shape changes to a layered structure that is both
crystallographic and morphologically textured, (4) The morphological orientation of the
grains tends to align more and more to the shear direction as deformation progresses, (5)
In this stage the grain length is much larger than the grain width, which is consistent
with the formation of a lamellae structure. In the final stage, both the dimensions of
equal the subgrain size and the percentage of high-angle boundaries has greatly
augmented, meaning the initial grains in the lamellar structure are subdivided into much

smaller grains.

1.1.3. Non-equilibrium grain boundary induced by ECAP

UFG structure materials processed by ECAP methods are characterized by a
very high density of grain boundaries. A non-equilibrium structure of grain boundaries
in ECAP-processed form as a result of the interactions of lattice dislocations with grain

boundaries, as shown in Figure 1.6 [16,17]. According to the literature, the formation of
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a non-equilibrium grain boundary state is characterized by two main features, namely,
excess grain boundary energy and the presence of long range elastic stresses [17].
ECAP-processed material show that grain boundaries have a crystallographic ordered
structure and discontinuous distortions of such a structure. The sources of elastic stress
fields are grain boundary dislocation.

ECAP-processed material have a non-equilibrium grain boundary inside the
grain structure, as shown in Figure 1.6. The structural change during annealing of
nanostructured material is [18]: (1) the recovery from non-equilibrium structure of the
grain boundaries. Recovery process is connected with the partial annihilation of defects
at grain boundaries and inside grains and it is associated with relaxation of internal
elastic stresses, (2) The next process is characterized by the onset of migration of non-
equilibrium grain boundaries which partially in normal grain growth, (3) The final
process is connected with subsequent normal grain growth. This non equilibrium grain

boundary by ECAP is expressed by schematic diagram as shown in Figure 1.7.

1.1.4. UFG structure of FCC and BCC material

Comparison studies of UFG of FCC and BCC crystal structure are reported in
term of UFG formation and final grain size [20-23]. These report are carried out by
ARB [7,21,24] and HPT [22,23]. Mechanical properties of UFG material was carried
out on pure aluminum as FCC structure and IF steel as BCC structure, as shown in
Figure 1.9. The microstructure of both material show similar appearance, as shown in
Figure 1.10 and 1.11. Microstructural change effect to mechanical properties in UFG
structured material [7].

The microstructure after post-ARB annealing on pure aluminum and IF steel are
quite similar. Recovery process occurred inside the grains at lower temperatures, and the
grain size gradually increased with increasing annealing temperature [7]. The
microstructural evolution of the ARB processed pure aluminum and IF steel during

annealing exhibits a normal grain growth accompanied by recovery at grain interior [7].
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Figure 1.7. Schematic of structure evolution during annealing of nanostructured
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1.1.5 Annealing behavior

When a material is processed by ECAP, its work-hardening capability is limited
[25]. ECAP increase the grain boundary area and large defect contents. Annealing
process is needed to improve mechanical properties and by controlling microstructure.
Annealing process includes three main stages, comprising of recovery, recrystallization
and grain growth, as shown in Figure 1.12.

During annealing process, ECAPed sample shows several microstructure
evolution [26]: (1) the microstructure and mechanical properties may be restored to their
original values by recovery at an elevated temperature. This occurrence exhibit
annihilation and rearrangement of the dislocations occurs. (2) The microstructural
changes during recovery are relatively homogeneous, and it does not affect to the
boundaries between the deformed grains. (3) Similar recovery processes may also occur
during deformation, particularly at high temperatures. Recovery stage involves a
restoration of mechanical properties due to removal dislocation structure. (4) After
recovery stage, recrystallization stage may occur in which new dislocation-free grains
are formed within the deformed or recovered structure. The new grain grows and
consumes the old grains, resulting in a new grain structure with a low dislocation
density. (5) Recrystallization stage takes place during deformation at elevated
temperatures. Recrystallization stage removes the dislocations, the material still
contains grain boundaries, but thermodynamically unstable. (6) Increasing annealing
temperature results in grain growth, in which the smaller grains are eliminated, the

larger grains grow, and the grain boundaries assume a lower energy configuration.

1.1.6 Tensile behavior

Material after ECAP processing exhibits poor ductility due to reduced work
hardening and an early plastic instability [27]. The obtained UFG materials havevery
high strength compared with the materials having conventional grain sizes larger than
several tens micrometers [4, 28-32]. There are few results about mechanical properties
of the UFG materials as a function of the grain size. The lack of this topic research is

due to the difficulty in obtaining samples test having UFG microstructures.
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Figure 1.8. OIM of an IF steel deformed by ECAP at temperature 500°C to (a) two
passes, (b)n=3,(c)n=4,(d)n=5,(e)n=6,(f)n=7, (g n=8 and (h) n=15. [19]
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Figure 1.9. True stress and true plastic strain curves of the (a) 1100-Al and (b) IF steel

with various grain sizes produced by ARB and subsequent annealing [7].
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Figure 1.10. TEM microstructures of the 1100 aluminum annealed for 1.8 ks at (a) 373
K, (b) 423 K, (¢) 473 K, (d) 498 K, (e) 523 K and (f) 573 K after 6 cycles of ARB at
473 K. Observed from TD [7].
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Figure 1.11. TEM microstructures of the IF steel annealed for 1.8 ks at (a) 673 K, (b)
773 K, (¢) 873 K, (d) 898 K, (e) 923 K and (f) 973 K after 5 cycles of ARB at 773 K.
Observed from TD [7].
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(e) (f)

Figure 1.12. Schematic diagram of the main annealing processes; (a) Deformed state,
(b) Recovered, (c) Partially recrystallized, (d) Fully recrystallized, (¢) Grain growth and
(f ) Abnormal grain growth [26].
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Grain size dependence of strength and ductility suggests that work-hardening is
not enhanced but rather suppressed by grain refinement, as shown in Figure 1.13. The
sudden drop in uniform elongation around the grain size of 1 um, at which tensile
strength becomes nearly equal to yield strength, in other words, at which work-
hardening becomes hard to occur, can be explained in terms of plastic instability simply
[7]. The previous work clarified that work-hardening after yielding becomes rather
difficult to occur with decreasing grain size [7]. The mechanism of work-hardening
reduction by ECAP was needed to be studied in term of effect of deformation route

ECAP and subsequent annealing process.

1.1.7 Fatigue behavior

Grain refinement of metal by ECAP results in an increase in strength.
Improvement on ultimate tensile strength (UTS) and yield strength does not mean that
the UFG structure material exhibit better mechanical properties, due to their resistance
against damage by fatigue.

Fatigue properties of UFG structure improve significantly compare to coarse-
grained structure. ECAP technique was used in order to achieve a UFG structure, high-
strength material with increased ductility [33].

The fatigue properties of ECAP 316L steel and other literature are shown in
Figure 1.14.a as Wohler S—N curves [34]. After one ECAP pass the fatigue life is
extended over applied stress amplitudes by three passes, the S-N curve shifts further
upward and the fatigue limit reaches approximately 570 MPa, which is far higher than
that of conventionally processed steels [34]. Literature about the correlation between
monotonic and fatigue strength found that the fatigue limit of conventional type 316L
coarse grained stainless steel strongly depends on the material strength [35-37]. The
same trend is seen after grain size reduction into the nanoscale region, as shown in
Figure 1.14.b. The previous work clarified a significantly higher fatigue endurance
limit in nanostructured steel. This is evident in comparison with its conventional

counterpart.
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The LCF life in the nanostructured state after one and three ECAP passes is
considerably shorter than that in the conventional coarse grain material, due to softening
effect induced by cyclic loading [34]. The purpose of this study is to clarify fatigue
properties of ECAP in term of effect of deformation route ECAP.

1.1.8. Corrosion behavior

The corrosion behavior of the UFG structured materials can be investigated by
several testing, such as stress corrosion cracking (SCC), corrosion fatigue, tafel testing,
pitting testing, etc. Pitting corrosion resistance behaviors of UFG material were
discussed in this thesis. The pitting corrosion resistance was also affected by the several
factors especially passes number, deformation route and post annealing process [38].

Pitting corrosion is a localized corrosion of a metal surface that resulted in
cavities [39]. Pitting corrosion is so complicated in nature because of oxide films
formed on different metals (passive film) [40]. Passive film formed of are thin oxide
layers on the metal surface and reduce the rate of corrosion of the alloys. Passive film is
often susceptible to localized breakdown, resulting in accelerated dissolution of the
underlying metal. Pitting corrosion resistance is affected by several parameters such as
environment, metal composition, potential, temperature, and surface condition [41,42].
Pitting corrosion show several stages such as passive film breakdown, metastable
pitting, pit growth, and pit stifling [43,44]. Chromium concentration plays the dominant
role on passivity. The pitting potential is found to increase dramatically as the chromium
content has increased above the critical 13% which is needed to create stainless steel
[45].

The potential at which the passivation starts to break down at localized areas,
leading to pitting, is defined as the pitting potential, E,;. Pitting potential can be
determined from anodic polarization curve as the potential at which the current with
increasing potential, and pitting potential was defined accordingly as shown in Figure
1.15 [46].

The corrosion resistance of the UFG structured material against the formation

and growth of corrosion pits is characterized by the pitting potential E,;;. The behavior
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of the coarse-grained and UFG IF steel specimens in the 0.9M NaOH alkaline medium
with 5% CI™ additions is shown in Figure 1.16 [47]. It is clearly seen that the pitting (or
passivity breakdown) potential E,;; increases with increasing number of ECAP passes
[47]. The increasing of Ep; shifts the boundary between the region of imperfect
passivity and the pitting region, indicating that the protective passive layer in the UFG
material is more stable than in the coarse grained material [47]. The effect of
deformation route ECAP and subsequent annealing process on corrosion resistance need

to be studied.

1.2. Research objective
The main objective of the present investigation was to examine the
microstructural evolution, its mechanical and electrochemical properties during ECAP
and subsequent annealing. In this regard, a 423 K route B¢ from one until eight passes
ECAP Low C, N Fe-20%Cr steel was prepared. Subsequent isothermal annealing was
carried out at from 473 K -1373 K.
To accomplish the goal of the thesis the following sub-tasks were defined:
* To observe microstructure evolution during ECAP process in term of deformation
route and passes number.
+ To investigate annealing behavior of microstructure in term of stored energy by X-
Ray line broadening and homogeneous grain growth.
* To study the influence of annealing temperature on subsequent evolution of
microstructure and tensile work hardening behavior.
* To study the fatigue properties of UFG structure by ECAP and post-ECAP
annealing.
* To investigate the pitting corrosion resistance of post-ECAP annealing.
* To study the corrosion fatigue properties of UFG structure by ECAP and post-ECAP

annealing.
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pure copper processed by ECAP

2.1. Introduction

SPD as a processing for fabricating UFG materials increased in popularity in the
field of materials science and engineering. ECAP is one of the SPD to produce UFG
material which use a unique deformation processing by incremental shear restricted to
the narrow zone parallel to the intersecting plane of the two channels [1,2]. The total
amount of plastic strain is important as well as the amount of plastic strain imposed in
one pass to produce UFG material [3]. Large shear deformation can be applied to
material in every pressing without changing the billet shape.

UFG structures is generally considered to develop by grain subdivision
mechanism, where grains are subdivided by deformation-induced subgrain boundaries
or low-angle grain boundaries (LAGB), followed by gradual increase of misorientation
forming high-angle grain boundaries (HAGB) [4]. The majority of papers on SPD
materials have been devoted to the FCC materials such as Al [5], Cu [6] and Ni [7]. For
BCC metals, carbon steels have mostly been studied [8-16] from a practical view point.

Despite the recent studies on UFG low-carbon steels [7-15], the underlying
mechanism of deformation and UFG formation and their substantial difference from
FCC metals in ECAP is not fully understood, largely due to complexities associated
with chemical compositions, especially with solute carbon and cementite. As com-
pared to FCC metals, BCC metals show predominant cross-slip by screw dislocation
due to the high frictional stress associated with its non-planar core structure. Such
difference in nature of crystal slip intrinsic to BCC and FCC may influence the
development of UFG, in particular, the density of dislocation boundaries and their rate
of transformation to HAGB as a beginning stage of UFG formation. Dislocation glide
and deformation microstructures of BCC metals are more sensitive to solute carbon or
nitrogen than that of BCC metals. In this respect, pure BCC metals or IF metals should

be used in order to clarify the microstructural development intrinsic to BCC structures.
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Although the literature on pure BCC or IF steels processed by ECAP has been reported
[16-32], there are still very limited papers examining the microstructural evolution
quantitatively in particular, the initial stage where dislocation substructure transforms
into network of LAGB or HAGB.

There are several comparative studies of BCC and FCC metals, which report the
differentiate of UFG formation and final grain size [22,33-38]. Comparative stud- ies of
UFG formation in BCC/FCC crystals were reported in ARB [14,33,34] and HPT
[35,36]. ARB processed material shows higher fraction of HAGB in IF-Steel, than in
OFHC-Cu [33]. The large amount of LAGB fraction in OFHC-Cu was attributed to
recovery and recrystallization during the ARB process [33]. However, in ARB, pure
iron or steels as BCC material were mostly rolled at 773 K to obtain good bonding
while aluminum as FCC material was rolled at room temperature or 473 K. Namely, the
formation of UFG is compared at different homologous temperature [33]. Therefore, the
influence of thermal activation is different in both the materials on the formation of
UFG. In this context, we carried out experiments at the same homologous temperature,
focusing on the difference in microstructural evolution of FCC and BCC at the
equivalent thermal activation during ECAP. Dislocation structures, and microscopic
parameter such as the fraction and spacing of HAGB, distribution of misorientation and
dislocation density of pure copper and Fe-Cr with extremely low C,N were carefully

examined and compared focusing on the initial stage of UFG formation during ECAP.

2.2. Experimental procedure

The chemical composition of pure copper was 99.99% purity, and that of Fe-Cr
alloys where Cr 20.03; C 0.0004; N 0.0013 and Fe balance (in mass percent). Pure
copper was machined with dimensions of 20 mm in diameter and 100 mm in length, and
Fe-Cr alloys have dimensions of 3.95 mm X 3.95 mm x 40 mm for ECAP pressing. The
ECAP procedures were carried out using a split die with two channels intersecting at
inner angle of 90° and outer angle of 0°. ECAP of Fe-Cr alloys were carried out at 423
K while pure copper at room temperature in order to examine at the equal temperature

ratio to melting temperature for each material. The samples lubricated with high
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temperature fluorine lubricating grease were pressed from one to three passes through
the so-called Route Bc. The original microstructure of as-received sample was observed
using an optical microscope (OM), as is seen in Figure 2.1. Original grain size of Fe-Cr
alloy is much larger than that of pure copper. A scanning electron microscope of field-
emission type (FE-SEM, JSM 7001F), equipped with electron back-scattered diffraction
(EBSD, Oxford Instrument Co.) image, and a transmission electron microscope (TEM)
were used to examine the microstructures. EBSD orientation maps were processed using
INCA™ software. Thin foils for TEM were polished using abrasive papers to about 100
um thick and then thinned by a twin-jet polishing facility using a solution of nitric acid
33% and 67% methanol for pure copper and acetic acid 40%, phosphoric acid 30%,
nitric acid 20% and distilled water 10% for Fe-Cr alloys. Hardness experiments were

performed on a Vickers hardness testing machine at room temperature.

2.3. Result

Three-dimensional OIM were obtained by EBSD after ECAP are shown in
Figure 2.2. It is apparent that grains are more finely subdivided in Fe-Cr alloys than
pure copper after the first pressing in spite that the former material has larger grain size
before ECAP. Furthermore, arrays of planar and extended grain boundaries are
developed parallel to the macroscopic shear plane of ECAP in Fe-Cr alloys whereas
grain boundaries are rather curved in copper. After three passes, both materials were

finely fragmented, but boundary spacing was still smaller in Fe-Cr alloys.

Misorientation maps showing LAGB (2° < 0 < 15°) and HAGB (6 > 15°) with
green and red lines, respectively, are shown in Figure 2.3. Because of low orientation
resolution, boundaries with misorientation smaller than 2° were omited. As was
mentioned in Figure 2.2, planar array of grain boundaries was noticeable in Fe-Cr
alloys after one or two passes. In Fe-Cr alloy, higher density of LAGB with spacing
smaller than 1 um were formed after one pressing, and then the HAGB fraction
becomes higher by increasing misorientation angle with increasing strain. On the other

hand, density of LAGB increased after two and three passes while HAGB were very
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Figure 2.1. Microstructure using OM for (a) Fe-Cr alloys; (b) Pure copper.
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Figure 2.2. 3D representation EBSD orientation color map of Fe-Cr alloys after ECAP
(a) one pass; (b) two passes; (c) three passes, and pure copper after ECAP (d) one pass;

(e) two passes; and (f) three passes.
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scarce in pure copper, and they are still scarcer after three passes. It seems that lines
defined as LAGB in the misorientation map are diffuse, and mostly still dislocation cell

boundaries in pure copper.

Distribution of misorientation angle was obtained from EBSD observation after
one to three passes of ECAP as shown in Figure 2.4. Result of single pass for both the
materials shows boundary misorientation with a peak in the range of 2° - 4° with low
HAGB misorientation distribution. After two and three passes, the difference became
noticeable between both the materials. Misorientation distribution of Fe-Cr alloys shows
two small peaks at low and high angle misorientation with relatively flat distribution
while pure copper shows peaks only at misorientation smaller than 5°, and it shows
average apparently increased with the number of ECAP passes in Figure 24.
Quantitative analysis of microstructures by EBSD is shown in Figure 2.5. As shown in
Figure 2.5(a) and (b), fraction of HAGB and average misorientation is higher in Fe-Cr
alloys and increased until three passes. The equivalent strain imposed on a sample as it
passes through an ECAP die was given in the reference [39]. However, while, boundary
spacing decreased considerably after two passes in both the materials, there were

smaller changes after three passes, as seen in Figure 2.5(c).

Microstructure was observed using TEM in Figure 2.6. Dislocation cells
structures were predominant after one pass in both the materials. However, elongated
sub grains can be found out at Fe-Cr alloys and they became finely divided by sharper
boundaries after three passes. On the other hand, subboundaries in pure copper after
three passes are still diffused, and seem to be still mainly dislocation cell structures.
Dislocation density inside grains was estimated from TEM images by Ham’s
interception method [40]. The thickness of specimen was estimated 245 nm for
calculating dislocation density with Ham’s interception method. Fe-Cr alloys and pure
copper show that similar trend of dislocation density as shown in Figure 2.7 with

increasing number of passes, but the density of Fe-Cr alloys is higher than pure copper.
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Hardness change after ECAP is shown in Figure 2.8. Hardness after a single
pass increase significantly in both the materials, but the rate of becoming harder is
higher in Fe-Cr alloys. It is probably because of higher HAGB density with comparable

dislocation density.

2.4. Discussion

Finer grain subdivision with higher fraction of HAGB in Fe-Cr alloys in the
initial stage during one to three passes ECAP of the formation of UFG structures is now
apparent as compared with pure copper. Since both materials have high purity, we can
discuss the microstructural difference in terms of nature of crystal slip intrinsic to
FCC/BCC structures. Since Peierls potential of screw dislocations is higher than that of
edge dislocation in BCC crystals, the plastic deformation is rate-controlled by screw
dislocations [41], and glided area swept by screw dislocation is higher than that by edge
dislocation [42]. Thus, the nature of slip intrinsic to screw dislocation such as cross slip,
or pensile glide become pronounced and influential on the macroscopic behavior of
plastic deformation. According to the grain subdivision mechanism [4], grains are
subdivided by deformation-induced subboundaries in the initial state. These
subboundaries are generally planar and extended, which is typical features of
geometrically necessary boundaries (GNBs) [4]. In general, these boundaries are
parallel to the trace of active slip planes, and are parallel to {110} trace in the present
study [43]. The dislocations on various {110}, and possibly {211}, with the common
slip direction form the dislocation boundaries. With increasing plastic strain,
subboundaries increase their misorientation by absorbing lattice dislocations from the
adjoining grains [4,42]. In BCC, high frictional stress of screw dislocations and
resultant frequent cross slip promote dislocation multiplications and the formation of
subgrain boundaries [41]. This is the reason why the finer subgrains were formed in

earlier stage after one pressing.

In FCC, the dislocations tend to form pile-up rather than cross slip, then they are

accumulated as plastic strain rather than absorbed in the grain boundaries and they are



e 2

Microstructural development of Fe-20mass%Cr and pure copper processed by ECAP

Figure 2.6. Microstructure using TEM of pure copper after ECAP (a) one pass; (b) two
passes; (c) three passes, and Fe-Cr alloys after ECAP (d) one pass; (€) two passes; and
(f) three passes.
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hard to be restructured as grain boundary dislocation. This may explain the reason why
the fraction HAGB is lower after three passes in pure copper in spite of comparable

low-angle sub grain/cell size with Fe-Cr alloy.

In this case, dislocation density should be higher in pure copper than Fe-Cr alloy
at the same strain level. Dislocation density of Cu is lower than Fe-Cr alloys as shown
in the Figure 2.8, and it seems inconsistent with the explanation mentioned above.
Possible explanation of lower dislocation of pure copper is dynamic recrystallization,
which may occur during ECAP. Inhomogeneous microstructures observed in Figure 2.3
with large and small grains may be originated from the dynamic recrystallization. ARB
Cu was carried out at ambient temperature with six cycles (¢ = 4.8). The large fraction
of LAGB in copper was attributed to partial re- crystallization during the ARB process
due to high purity of the material and adiabatic heating. The possibility of dynamic
recrystallization in copper during SPD is also reported in ARB [33].

2.5. Conclusion

The microstructural evolution of Fe-Cr alloys and pure copper processed by
ECAP for up to three passes was quantitatively analyzed by EBSD focusing on the
initial stage of UFG formation. The deformation microstructure after one pass consist of
deformation-induced extended subgrain boundaries typical to the geometrically
necessary boundaries. The density of the boundaries is higher in Fe-Cr alloys than pure

copper.

With increasing ECAP passes, the fraction of HAGB and mean misorientation
angle increase, and HAGB spacing decreases. This phenomenon is noticeable in Fe-Cr

steels, and can be explained in terms of slip behavior intrinsic to BCC structure.
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Chapter 3. Effect of deformation route of ECAP on development of
UFG structure and mechanical properties of low C, N Fe-20%Cr Steel

3.1. Introduction

Low carbon ferritic stainless steel is widely used for corrosive environments as
it satisfies the material requirements for high resistance to SCC, intergranular corrosion,
as well as high ductility and formability [1-2]. However, this class of material is of low-
strength and this restricts its application to the limited field; hence, grain refinement is
often regarded as a useful method for improving its mechanical properties. The method
of ECAP is one of the SPD techniques that produces UFG materials.

Several ECAP parameters that have an influence on microstructural
development and mechanical properties are the die angle, the pressing speed, the die
temperature, and the deformation route. The four deformation routes of ECAP have
mainly been proposed as follows. In Route A, the sample is pressed without rotation. In
Route Ba, the sample is rotated by 90 degrees in an alternate direction between
consecutive passes. In Route Bc, the sample is rotated 90 degrees counterclockwise
between each pass. In Route C, the specimen is rotated by 180 degrees between passes
[3]. There are many studies concerning the effective deformation routes for grain
refinement in FCC structure metals such as pure aluminum [2], nickel [S], copper [6],
and titanium [7]; however, there are few studies on BCC.

Previous studies have attempted to explain the effect of deformation routes on
microstructure and mechanical properties, especially in FCC materials [8-10]. They
have found that Route Bc is the most efficient for producing isotropic microstructures,
due to the crossing of the shear planes in every pass [8-10]. However, the degree of
anisotropy on microstructural development has not been carefully evaluated so far,
especially in BCC metals [8, 11-13]. Therefore, the effect of deformation routes on the
microstructure in the ECAP process as well as the mechanical and electrochemical

properties will be further discussed.

3.2. Experimental procedure

The material used in this experiment had a chemical composition of low carbon
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nitrogen (CN) Fe-20%Cr alloy with Cr 19.97, C 0.0020, N 0.0015 and Fe balance (in
mass percent). This material was machined with dimensions of 8 mm x 8§ mm x 120
mm for ECAP pressing. ECAP was carried out using a split die with two channels
intersecting at an inner angle of 90° and an outer angle of 0° at 423 K. Parts of ECAP
die and three dimensional appearance of ECAP die are shown in Figure 3.1.a and b.
The samples were lubricated with high temperature fluorine lubricating grease and
pressed from one pass until eight passes via routes A, Bc and C.

ECAP experiment was carried out using an Autograph Shimadzu 500 kN
testing machine, as shown in Figure 3.1.c. The plunger of ECAP was fixed at the
testing machine, which can move up and down precisely to ECAP die. A heating
equipment was attached at outer of ECAP die which the temperature can be controlled
up to 773K.

A TEM (JEM 2100F) was used to examine the microstructures. Thin foils for
TEM were polished using abrasive papers to about 100 pm thick and then thinned by a
twin-jet polishing Tenupol 5 facility using a solution of 40% acetic acid, 30%
phosphoric acid, 20% nitric acid and 10% distilled water.

Mechanical and electrochemical properties were measured by micro hardness
and pitting corrosion. The micro hardness experiments were performed on a Vickers
hardness testing machine at room temperature. Corrosion testing was carried out at
ambient temperature in a flat polarization cell, using platinum counter electrodes and
Ag/AgCl reference electrodes to measure the corrosion current and corrosion potential.

The pitting corrosion characteristic was obtained in neutral solutions 1 M NacCl.

3.3  Result
3.3.1. Microstructure

A TEM micrograph including a selected area diffraction pattern (SADP) was
observed on one pass as shown in Figure 3.2. In the ECAP process, after the first pass,
deformation bands of the width of 500 nm can be observed clearly on the Y-plane.
Therefore, SADP appeared as a network with little dispersion. It indicated small
misorientations on the deformation bands. In addition, after one pass, the elongated sub-

grain structure was displayed through a TEM. Consequently, the grains were revealed as
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(a) (b)

Figure 3.1. (a) parts of ECAP die, (b) 3D view of ECAP die arrangement
(c) ECAP system.
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being finely subdivided after one pass, though the initial structure had larger grain sizes.
Several boundaries could then be observed as LAGB misorientations.

The microstructure of material processed by ECAP from two to eight passes
via routes A, Bc, and C was observed by TEM on the Y-plane as shown in Figure 3.3.
After two passes of ECAP, the microstructure became finer and consisted of elongated
grains with rather planar boundaries. Larger grains were also observed within UFG
structures. Since the SADP exhibited a rather regular pattern, this microstructure
consisted of dislocation cell structures with a similar orientation. After four passes, more
homogenous equiaxed UFG structures were observed with sharper boundaries. Due to
grain refinement, the SADP of eight passes of the ECAPed sample displayed a ring
diffraction pattern.

The increase in the number of ECAP passes resulted in a decreased boundary
spacing on the Y-plane as shown in Figure 3.4. The boundary spacing of the material
processed by routes A and Bc decreased more significantly than those processed by
Route C, while the boundary spacing of Route C saturated after four passes. These
results corresponded with the mechanical properties. As a result, boundary spacing
achieved 150 nm on materials processed by Route A.

Grain boundary misorientation can be observed in three orthogonal planes by
EBSD, as shown in Figure 3.5. After one and two passes of ECAP, microstructure
appeared mostly as elongated grains with LAGB. These grains were limited in Y and X
planes. Grain and sub grain with LAGB were mostly oriented into same direction with
shear direction. These orientations can be seen after two passes especially at material
processed by route Bc. After four passes of ECAP, HAGB appearance can be seen
clearly along shear direction at Y-plane. It also appeared in others plane. At these
planes, fragmented grain was surround by HAGB. After eight passes by material
processed by route Bc, microstructure appeared more equiaxed than others route
especially at Y-plane. However, after eight passes, microstructure of route Bc showed
more HAGB than routes A and C. Structure of route A and C anisotropic than route Bc.

Material processed by route Bc showed more fragmented structure than others

routes. It also corresponded with the number of passes. After two passes, all routes of
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Figure 3.2. TEM micrograph of one pass ECAP (Y-plane).
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Pass
number

Figure 3.3. TEM micrograph after ECAP from two passes until eight passes by route A,
Bc and C (Y-plane).
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Figure 3.5. 3D misorientation map after ECAP on different plane and passes number.
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ECAP showed significant improvement on HAGB fraction and mean grain
boundary misorientation angle. Microstructure appearance at Z-plane of ECAPed
sample has not changed with increasing passes number in routes A and C. After five
passes of ECAP, X and Y-planes showed homogeneous structure especially in LAGB
and HAGB distribution. Therefore, with increasing passes, microstructure resulted in
homogeneous structure by increasing density of HAGB. Y-plane of ECAPed sample
exhibited mostly HAGB with corresponding to passes number.

HAGB fraction and mean grain boundary misorientation can be observed in
three orthogonal planes, as shown in Figure 3.6. This microstructural parameter
increased with increase in passes number of ECAP. HAGB fraction of routes A and Bc
increased quite similar with about 70 percent difference between one and eight passes.
But material processed by route C showed 50 percent difference. However, Y-plane of
route Bc showed significantly increasing after four passes. These results appeared in
three orthogonal planes. Average HAGB fraction increment was 10 percent every passes
until eight passes for route A and Bc. The different of HAGB fraction on three
orthogonal planes is high in routes A and C. However, material processed by route Be
exhibited equal HAGB fraction in three orthogonal planes. The difference of HAGB
fraction in three routes could be explained by in-homogeneous microstructure by ECAP.

Pole figures obtained from EBSD, is shown in Figure 3.7. Texture analysis by
the pole figures demonstrated a complex shear after ECAP process. The evolution of
texture development can be seen from two until four passes via routes A, Bc and C, as
shown in Figure 3.7.

From Figure 3.7, schematic diagram showing simplified spatial configuration of
HAGB is constructed and shown in Figure 3.8. In route A and C, the preferred texture
is modeled as a collection of orientations rotated around the Y-axes bounded by HAGB
with tilt character. However, there is a difference; there is one and two sets of HAGB on

Y-plane eight four passes in routes A and C, respectively.

3.3.2 Mechanical properties

The micro hardness in the pre extrusion area before shear zone shows a range
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of hardness from 160-260 Hv. After shear zone, the micro hardness increased
significantly due to a very large plastic deformation to the corner of specimen, as shown
in Figure 3.9.

Micro hardness from one to eight passes of ECAP was measured in three
orthogonal planes, as shown in Figure 3.10. Hardness testing was carried out on the
transverse plane (Y-plane), rolling plane (X-plane) and normal plane (Z-plane). Micro
hardness at three routes was comparable. This testing was carried out more than ten
points every sample and experimental error was around five percent of the average
value. The hardness of as-received material was 125 Hv. A significant increment of
micro hardness can be observed with the increasing passes number. After eight passes,
material processed routes A and Bc increased three times higher than route C.
Therefore, material processed by route Be exhibited comparable micro hardness value
in three orthogonal planes than routes A and C. On the other hand, micro hardness of

route C saturated after four passes.

3.3.3. Electrochemical properties

Electrochemical properties can be defined by pitting corrosion resistance and
tafel extrapolation method. Tafel interpolation determined the corrosion potential for
characterizing the material surface in corrosion atmosphere and the corrosion current
density for characterizing the corrosion speed. This testing were determined using
potentiodynamic tests. The corrosion behavior of ECAPed specimens in the 1 M NaCl
is shown in Figure 3.11. Pitting potential decreased after one pass, and then increase
after two passes, as shown in Figure 3.12. SEM micrograph of pitting corrosion testing
can be seen in Figure 3.13. Tafel extrapolation method characteristics were evaluated
from the potentiodynamic curves to determine the corrosion potential and the corrosion
current density. Figure 3.14 shows typical potentiodynamic polarization curves for the
several number ECAP passes and deformation route specimens measured in 1M NaCl
solutions. Four passes of route C shows higher stabilization than route A and Bc, it is
because this route perform higher hardness than other routes. With increasing number
of ECAP, the curves are shifted to higher values of the current density. The corrosion

potential Ecorr ECAPed specimens increase while the corrosion current density icorr
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Figure 3.9. Hardness distribution in first pass ECAP of low C, N Fe-20%Cr
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with increasing number ECAP passes.

3.4. Discussion

The microstructural evolution of extremely low CN Fe-20%Cr alloy as low
carbon steel can be examined in terms of crystal slips that are intrinsic to BCC
structures. The Peierls barrier of screw dislocations is higher than that of edge
dislocation in BCC crystals; thus, slip by screw character is more predominant than by
edge dislocation. When plastic straining increases by the formation and extension of
dislocation loops, edge dislocations characters with high mobility slip faster than screw
dislocation characters with lower mobility, resulting in extended lines of screw
dislocations. Therefore, the nature of the slip, which is intrinsic to screw dislocation, has
an influence on the macroscopic behavior of plastic deformation. The micro hardness
exhibited an increase by ECAP as was reported before in many metals and alloys.
However, the degree of hardening of the ECAPed sample was different among three
orthogonal planes in different routes. This anisotropic strain hardening seems to be a
characteristic of BCC metals. The isotropic hardening in the material processed by route
Bc was reflected in the isotropic configuration of HAGB. Namely, this isotropic
hardening tendency was observed due to high dislocation density in route Bc. This
hardening was suggested that the 45°rotation of billets in route Bc, which resulted in
cross hardening. Since screw dislocations are predominant in BCC metals, positive and
negative screw dislocation pairs tend to meet by cross-slip and disappear in both the
forward-forward and forward-reverse shear in successive passes.

Electrochemical properties can be determined by pitting corrosion testing. The
pitting potential increased as the number of ECAP passes increased. An increase in the
pitting potential can be explained by a shift in the boundary between imperfect passivity
and the pitting region [14]. It indicated that the protective passive layer in the ECAPed
sample is more stable than the as-received sample [14]. In the percolation model for
passivation in stainless steels, high Cr concentration on the surface is required to for
passivation [15,16]. Preferential dissolution of less noble Fe elements accelerate the
passivity [15,16]. In UFG structures by SPD, there are high density of grain boundaries

and dislocations on the surface, and they should enhance the diffusion of Cr elements
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Figure 3.11. Pitting corrosion testing curve of low C,N
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Figure 3.13. SEM micrographs showing corroded surfaces on Y-plane after pitting
corrosion testing (a) as received, (b) one pass, (c) two passes route A, (d) two passes
route Bc, (e) two passes route C, (f) four passes route A, (g) four passes route Bc, (h)

four passes route C.
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from the interior to the surface. Therefore, when the passivated surface is locally
attacked by aggressive species such as CI, then the passivation can be recovered by
faster supply of Cr elements from the interior part through enhanced diffusion. In
summary, the increased pitting resistance may also be attributed to the enhanced

diffusion of Cr elements due to the high density of grain boundaries and dislocations.

3.5. Conclusion

The microstructural evolution of extremely low CN Fe-20%Cr alloy processed
by ECAP from one to eight passes via routes A, Bc, and C were quantitatively analyzed
by focusing on the degree of their anisotropy. The degree of anisotropy of
microstructures was different among the three deformation routes. They were generally
isotropic in route Bc, namely the grains were equiaxial, and the hardness was

comparable in the three orthogonal planes.
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Chapter 4. Homogeneous grain growth of UFG low C, N Fe-20%Cr
steel by ECAP

4.1. Introduction

UFG structures by SPD have been regarded as partially deformation structure
as well as UFG structure. Namely, UFG structures by ECAP are considered to have
stored residual dislocations in grain or at grain boundaries. Such grain boundaries with
extrinsic grain boundary dislocations are called non-equilibrium grain boundaries, and
they are considered to be origin of unique mechanical, physical and chemical properties
[1].

Thermal stability of UFG materials is important properties along with
mechanical properties. The annealing behavior of the UFG material has been
investigated, such as copper [2-5], aluminum, and its alloy [6-12], titanium [13], iron
[14], and low carbon steel [15,16]. It was reported that the thermal stability of the
microstructure of the ECAPed FCC metals is low, and in general they grow apparently
by the mode of so-called abnormal grain growth [20.21], where a small fraction of
grains grow preferentially replacing other grains. However, it can be regarded as the so-
called discontinuous recrystallization with nucleation and its growth process since
ECAPed UFG structure is partially deformation structure. In other words, such small
fraction of growing grains can be regarded as nucleus. In this context, it is effective to
create the dislocation-free UFG with equilibrium grain boundaries and examine
annealing behavior focusing on the early stage of grain growth in order to clarify the
origin of low thermal stability and abnormal grain growth. Such knowledge can
contribute to create the UFG materials with high thermal stability.

Pure metals of BCC is intrinsically fast to be recovered, and may exhibit
different annealing behavior from FCC counterparts. Namely, one can expect to obtain
dislocation-free UFG by appropriate annealing avoiding grain growth. However,
annealing behavior of UFG of pure BCC alloy has not been investigated focusing on the
early stage of restoration of strain. The stored dislocation can be analyzed through TEM
or X-ray line broadening analysis. The X-ray line broadening analysis corresponded to

grain refinement and dislocation density [22]. In this study, annealing behavior on UFG
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structure of extremely low C,N Fe-20%Cr steel is investigated in order to examine the

origin of low thermal stability and ECAPed materials in terms of residual strain.

4.2. Experimental procedure

The present material had a chemical composition of low C, N Fe-20%Cr steel
with Cr 20.03; C 0.0004; N 0.0013 and Fe balance (in mass percent). This alloy was
machined with dimensions of 8 mm % 8 mm X% 120 mm for ECAP pressing. ECAP
procedures were carried out using a split die with two channels intersecting at an inner
angle of 90 degrees and an outer angle of 0 degrees at 423 K. Before the ECAP process,
the samples were lubricated with a high temperature fluorine lubricating grease, and
then pressed for eight passes via routes Be. A die ECAP set with an internal angle, @ of
90 degrees and outer angle, ¥ of 0 degrees was assembled. After ECAP, billets were
annealed using infrared furnace (ULVAC MILA5000) from 473 to 1373 K in a vacuum
for one hour. A corrosion testing specimen was prepared from an ECAPed sample using
a spark-erosion machine. Mechanical properties were measured by hardness. The micro
hardness experiments were performed on a Vickers hardness testing machine under a
load, for 15 s dwell time for each annealing temperature. Hardness testing was carried
out for ten times per each sample. And then, microstructure observation was carried out
by a FE-SEM (JSM 7001F), equipped with EBSD (Oxford Instrument Co.) image, and
a TEM (JEM 2100F). Therefore, EBSD orientation maps were processed using INCA™
software. TEM sample preparation was needed. Thin foils for TEM were polished using
abrasive papers to about 100 pm in thickness and then thinned by a twin-jet polishing
Tenupol 5 facility using a solution of 40% acetic acid, 30% phosphoric acid, 20% nitric
acid, and 10% distilled water. An X-ray diffraction (XRD) on ECAPed and post
annealing sample was carried out by SmartLab, Rigaku. XRD samples surface was
polished by an automatic polisher. The SmartLab x-ray diffractometer used CuKoa,
40kV, 200mA from 30 deg until 120 deg with a continuous scanning type. Full width
half maximum (FWHM) and integral breadth was determined after fitting the scattered
XRD data.
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4.3. Result
4.3.1 Micro hardness

Vickers hardness of the ECAPed and post-ECAP annealing sample was shown
in Figure 4.1. The micro hardness results exhibited three stages of softening with
increasing annealing temperature. The hardness was constant up to the annealing
temperature of 698 K and then decreased gradually until the annealing temperature of

973 K. Finally, hardness became constant again.

4.3.2. Microstructure

The color orientation map by EBSD after ECAP and the post-ECAP annealing
process can be seen in Figure 4.2. UFG structure can be seen in the ECAPed sample,
and grain size remained constant until 698 K. It corresponds with in first stage of
softening of the material. Appreciable grain growth was observed to occur
homogeneously at a temperature higher than 698 K. It corresponded with the second
stage of appreciable softening during the second stages.

Grain boundary misorientation maps on ECAP and after post-ECAP annealing
from 473 — 1373 K are represented in Figure 4.3. HAGB fraction on ECAPed
microstructure are predominant with little fraction of LAGB. Because of low orientation
resolution, boundaries with misorientation smaller than 2° was omitted. Homogeneous
microstructure evolution with small equiaxed grains and high HAGB fraction was
exhibited on post-ECAP annealing sample until 698 K. However, grain size increased
gradually until the annealing temperature of 1373 K, but HAGB fraction almost
remained constant.

Distribution of misorientation angle was obtained from EBSD observation after
ECAP and post-ECAP annealing as shown in Figure 4.4. Result of as-ECAPed
materials shows boundary misorientation with a peak in the range of 2° - 5° with low

HAGB misorientation distribution. After 773 K annealing temperature, the difference of
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Figure 4.1. Vickers hardness of ECAPed and post-ECAP annealing sample.
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misorientation distribution became noticeable. Misorientation distribution of this alloy
shows one small peaks at low and high angle misorientation.

The microstructure of TEM was also observed on ECAP and after post-ECAP
annealing up to 823 K, as shown in Figure 4.5. Under annealing temperature of 698 K,
due to the recovery stage, there was not much difference in microstructure from the
eight passes ECAP. The microstructure of ECAPed sample exhibited a dark contrast as
compared to that of the post-ECAP annealing; it indicates that the dislocation was kept
inside the UFG structure. The light contrast appeared at the TEM micrograph of the
post-ECAP annealing due to the releasing of dislocation in grains. The boundary
spacing remained constant up to the annealing temperature of 698 K, and then gradually

increased as the annealing temperature increased, as shown in Figure 4.6.

4.3.3 XRD analysis

One of the methods for estimating dislocation density is X-ray line broadening
by XRD. X-ray {110} broadening can be seen in Figure 4.7. X-ray line broadening of
the ECAPed sample can be observed significantly. The line broadening became smaller
with the increasing annealing temperature.

The broadening in XRD data line consists of contributions due to coherent
domain size, D and micro strain, & [24]. The relationship at equation 4.1 can be used to

separate the contributions from each of them for dislocation density, p [24]:
(Bcos8/1)? = (1/D)? + (4esinB/1)? 4.1)

Where [ is the integral breadth (in radians), € 1is Bragg's diffraction angle, D is coherent
domain size (&), ¢ is micro strain and 1 is wave length of X-ray (A). The peak data is
obtained using XRD. Several peaks of high intensity between 26 = 30 — 130 degrees
were taken and it constructs a plot between (B cos 8/1)? versus(sin 8/21)2. The plots D
and ¢ were calculated using intercept = 1/D? andslope = 16£2. Then, dislocation

density can be calculated from D and € using formula [24]:
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Figure 4.2. Color OIM by EBSD after the post-ECAP annealing.
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Figure 4.3. Misorientation image map by EBSD after the post-ECAP annealing.
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Figure 4.5. TEM micrograph after the post-ECAP annealing.
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pp = 3n/D? withn =1 4.2)

pe = 2ke® /b? with k = 10 and b = Burges vector (4.3)

Dislocation density (p) is obtained from dislocation density that is related with D (pp)
and ¢ (p,) as follow [24]:

p = (pp.pe)*/? (4.4)

The D, € and p values of different annealing temperature can be seen in Figure 4.8.
Several parameters, such as crystallite size, micro strain, and dislocation
density obtained by X-ray line broadening analysis, shown in Figure 4.7. The
crystallite size increased with the increasing annealing temperature. On the other hand,
micro strain and dislocation density decreased with the increasing annealing

temperature.

4.4. Discussion

Grain growth stage on the annealing process may be divided into two types,
normal grain growth and abnormal grain growth or secondary recrystallization [18].
Normal grain growth, in which the microstructure coarsens uniformly, is classified as a
continuous process and result in a relatively narrow range of grain sizes and shapes [18].
On other hand, in abnormal grain growth, which is a discontinuous process, a few grains
in the microstructure grow and consume the matrix of other smaller grains and a
bimodal grain size distribution develops [18].

In this study, low C, N Fe-20%Cr steel was deformed in 423K by ECAP until
eight passes via route Bc and was annealed from 473-1373K. During the annealing
temperature, material softening occurred gradually and uniformly in a fixed time. This
behavior was different from the softening behavior of aluminum alloys which inhibits

discontinuous recrystallization by extended recovery stage [18]. Strain energy stored as



vl s
Homogeneous grain growth of UFG low C, N Fe-20%Cr steel by ECAP

dislocations can be released in recovery process easily prior to recrystallization.
Therefore, strain energy stored in UFG structures in as-ECAP state may be released
prior to the next stage, resulting in the formation of UFG structure with less stored strain
energy. Homogeneous grain size distribution with high fraction of HAGB (81%) may
lead to homogeneous and normal grain growth whose driving force is solely grain
boundary energy [18], rather than recrystallization which requires strain energy as
driving force.

This grain growth process is different from the common material in the FCC
material such as aluminum alloys [7], copper [3,4,25,26], nickel [27] and austenitic
stainless steels [28]. The abnormal grain growth in FCC material shows small fractions
of grain grow that replaced the other smaller grains due to discontinuous
recrystallization [15]. Material processed by ECAP is characterized by high internal
stresses, which are associated with both high dislocation densities and non-equilibrium
grain boundaries [1,29-31]. Materials with high HAGB fraction have been suggested as
being essentially resistant to discontinuous recrystallization regardless of an apparently
high stored energy, and only the grain growth can operate frequently in such structures
[32,33].

The BCC material showed the releasing of strain energy as dislocation density
in recovery process easier than the recrystallization process. The strain energy that was
stored in UFG structure was released earlier and this early recovery of strain affected
the grain formation of the UFG structure. Humphreys et al. [18] explained that
annealing phenomena may occur in two ways. The annealing phenomena occur
heterogeneously throughout the material and formally described in terms of nucleation
and growth stages, and in this case they are described as discontinuous processes. On
the other hand, the annealing phenomena may occur homogeneously and evolve
gradually with no identifiable nucleation and growth stages in the microstructure and
this case they are described as continuous processes. The continuous annealing
phenomena include recovery by sub-grain growth, continuous recrystallization and
normal grain growth and the discontinuous annealing phenomena include discontinuous

sub-grain growth, primary recrystallization and abnormal grain growth.
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The homogeneous and normal grain growth behavior in terms of activation
energy during annealing process can be determined using the following equation [10, 14,

15]:

Q
d/N —alN = Kt exp (— ﬁ) (4.6)

where d,, is the initial grain size ; d is the grain size after annealing; N is a constant
usually taken as unity; K, is a temperature-dependent constant; ¢ is the annealing time;
Q is the activation energy for grain growth; R is the gas constant ; and T is the annealing

temperature. The activation energy for grain growth was obtained by constructing a

semi-logarithmic plot (dl/ N — d;/ N) versus 1/T as shown in Figure 4.9. The graph of
activation energies shows two different slopes at low and high temperature regime. At
low temperature regime, the low activation of 148 kJ/mol that close to activation energy
of grain boundary diffusion, may correspond to the energy for the reordering of grain
boundaries in the UFG material [34].The activation energy of 260 kJ/mol estimated for
temperatures higher than 698K is close to self-diffusion of Fe, and can be correlated
lattice diffusion. It should be pointed out that the value Q obtained in the current study
at high temperatures regime is significantly higher than nano crystalline pure iron alpha,
[15].

The decrease of dislocation density in low annealing temperatures was reported
in pure iron [35]. It happened due to the partial annihilation of stored dislocation by
recovery process and the change from non-equilibrium grain boundaries to equilibrium
grain boundaries and the relaxation of internal elastic stress [35]. Because of the
character and mobility of the boundaries, the recovery stage is the main point in the
annealing process [18]. The extended recovery stage relates to the softening of the
material [36]. After the annealing temperature reached 698K, the microstructure showed
homogeneous grain coarsening with grain appearance comparable with the ECAP
processed structure. It can be summarized that the annealing process of an UFG iron-
chromium alloy can be regarded as two-stage homogeneous normal grain growth with

two levels of activation energy.
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4.5. Conclusion

The effect of the annealing behavior on a UFG low C, N Fe-20%Cr steel by

ECAP was studied focusing on the residual dislocation-related strain on early stage of

grain growth. The softening of a material occurred in the typical three stages, comprised

of recovery with constant hardness, and subsequent significant softening accompanying

homogeneous grain-growth, and the final slow grain growth with little change of

hardness. The extended recovery stage was confirmed by XRD prior to the appreciable

grain-growth. The microstructure of the recovery stage shows homogeneous coarsened

grain with grain appearance comparable with the ECAP
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Chapter 5. Effect of annealing temperature on tensile properties of

UFG low C, N Fe-20%Cr steel by ECAP

5.1. Introduction

SPD technique by ECAP is an effective grain refinement method for
polycrystalline materials [1-3]. The majority of papers on SPD materials have been
devoted to FCC materials such as Al [4-9], Cu [10-19] and Ni [20-27]. For BCC metals,
carbon steels have mostly been studied [28-36] from a practical view point.

UFG materials processed by ECAP methods are characterized by a very high
density of grain boundaries. A non-equilibrium structure of grain boundaries in ECAP-
processed is an important evidence for investigating the interactions of lattice
dislocations with grain boundaries. ECAP-processed materials have a non-equilibrium
grain boundary inside the grain structure. Transformation from non-equilibrium into
equilibrium grain boundary state can be occurred by annealing process. The annealing
temperature becomes an important parameter that influences the microstructure and
related mechanical properties of the ECAPed material. The tensile behavior of ECAP
materials on pure BCC metal has not been investigated yet in term grain boundary state.
The purpose of this study is to clarify the effect of grain boundary state such as

equilibrium and non-equilibrium) on tensile behavior as yield stress.

5.2. Experimental procedure

The material used in this experiment had a chemical composition of low C,N Fe-
20%Cr alloy with Cr 19.97, C 0.0020, N 0.0015 and Fe balance (in mass percent). This
material was machined with dimensions of 8 mm X 8 mm x 120 mm for ECAP
pressing. ECAP was carried out using a split die with two channels intersecting at an
inner angle of 90° and an outer angle of 0° at 423 K. The samples were lubricated with
high temperature fluorine lubricating grease and pressed from one, two, four and eight
passes via routes Bc. Annealing process was carried out at 773 K for one hour. A TEM
(JEM 2100F) was used to examine the microstructures. Thin foils for TEM were

polished using abrasive papers to about 100 um thick and then thinned by a twin-jet
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Figure 5.1. Schema of tensile testing specimen.
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polishing Tenupol 5 facility using a solution of 40% acetic acid, 30% phosphoric acid,
20% nitric acid and 10% distilled water. Mechanical and electrochemical properties
were measured by micro hardness and pitting corrosion. The micro hardness
experiments were performed on a Vickers hardness testing machine at room
temperature. Tensile experiments were conducted in a Universal testing machine
(Autograph AGS-10k ND, SHIMAZU), under displacement control. The specimen for
tensile test was 3 mm in gage length and 1mm in gage width. The thickness is less than

Imm. The dimensions and appearance of specimen is indicated in Figure 5.1.

5.3.  Result and Discussion

The effect of heat treatment on UFG low C, N Fe-20%Cr alloy refined by
ECAP processing, was examined after by annealing process at at 773 K. As seen in
Figure 5.2, Hardness increased with an increasing number of ECAP cycles. Hardness
after a single pass increased significantly, but the rate of become higher. Hardness
measurements are taken on transverse direction. This material is different with other
observed materials such as aluminum [37-42], copper [43-45] and steel [46-50] that can
be saturated in hardness. Another experiment found that the hardening appearance at the
ferrite phase was larger than pearlite at low carbon steel [32]. The hardening of two
phase steel (ferrite and pearlite) is controlled by the soft ferrite having a large volume
fraction [32]. The hardness of three directions did not have any big difference in value.

A representative on microstructure observation by TEM can be seen in Figure
5.3. First pass shows a formation of a small grain. This area consists of parallel bands of
elongated grains. Dislocation cells structures are predominant after one pass. However,
elongated sub grains can be found out and they became finely divided by sharper
boundaries after four passes. After eight passes, a homogeneous microstructure can be
seen clearly with a pronounced grain pattern. It is included by large regions with more
equiaxed grain than an elongated grain. Two passes result in several well developed
grain within the elongated grain, but after eight passes it almost shows an elongated
grain with a smaller grain size than the two and four passes. The post-ECAP annealed
sample exhibit larger grain than as-ECAPed sample.

Dislocation density and crystallite size also can be identified by X-ray line
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broadening by XRD, as shown in Figure 5.4. The line broadening became smaller with
the increasing annealing temperature. Several parameters, such as crystallite size, micro
strain, and dislocation density obtained by X-ray line broadening analysis, shown in
Figure 5.5. The crystallite size increased with the increasing annealing temperature.
On the other hand, micro strain and dislocation density decreased with the increasing
annealing temperature, as shown in Figure 5.5.

OIM that are observed in transverse direction of the ECAP sample which are
shown in Figure 5.6. It is apparent that grains are finely subdivided in the first pressing.
ECAPed sample by one, two, four and eight passes via routes Bc was observed by
EBSD on the transverse direction. Furthermore, arrays of planar and extended grain
boundaries are developed parallel to the macroscopic shear plane of ECAP. After
annealing at 773 K, the band structure becomes well-developed subgrains. They are
formed, especially at eight passes ECAP. The formation of subgrains also can be
confirmed by the corresponding by TEM micrograph, as shown in Figure 5.3. The
formation of equiaxed sub-grains at high temperature was associated with dynamic and
also static recovery.

Figure 5.7 shows engineering stress strain curve of as ECAPed and post- ECAP
annealed samples from one, two, four and eight passes via routes Bc. It can be seen that
tensile strength increases with the number of passes. For ECAP-processed samples,
tensile strengths and strain hardening rates are almost indistinguishable. UTS improved
with increasing the number of passes are shown in Figure 5.7. The improvement of
UTS can be assigned to grain refinement. It can be seen in Figure 5.7 that with
increasing strength of ECAPed samples, elongation decreases. These phenomena that
related to strength and elongation is dependable with many studies using ECAP process
for metal and alloys [S1-56].

Figure 5.8 show schematic diagram of relationship between stress-strain curves
with grain boundary state (non-equilibrium and equilibrium grain boundary). The
phenomenon of yield stress on equilibrium grain boundary can be explained in
dislocation-source hardening. The dislocations that can easily glide are annealed out,
which means a higher yield stress is required to activate new dislocation sources during

loading [6]. When dislocations are reintroduced, the yield stress is decreased
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Figure 5.3. TEM micrograph of (a) as ECAPed and (b) post-ECAP annealed sample for

one, two, four and eight passes.
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as new dislocation sources are now available [6]. The dislocation source hardening
observed in nanoscale structures can also be found in large-scale structure [57]. This
explanation was compared with Frank-Read dislocation source theory (coarse grain
material).

It is significant to highlight the ECAP processing through eight passes for giving
higher strength and lower ductility. Annealing process would be applied to the ECAPed
sample to improve total elongation of the ECAPed sample. This observation found post
necking elongation at Fe-Cr alloys ECAPed sample. Post necking elongation can be
improved from the equiaxial grain structure. This appearance can be seen at route Bc
especially at eight passes. A plot of the experimental data on Hall-Petch in annealed
samples and ECAPed can be seen in Figure 5.9. This plot to different strength—structure
relationships correspond to previous discussion. Hall-Petch relationship can be
described in terms of dislocation and boundary strengthening contribution. This
description was related to grain boundary stated such as non-equilibrium and
equilibrium, as shown in Figure 5.10.

Constraint of total elongation and uniform elongation can be explained by
plastic instability. Plastic instability corresponds to necking propagations. The increase
of yield strength with strengthening mechanism such as grain refinement can be affected
by the strain hardening rate. Plastic instability can be accomplished at early stages of
tensile deformation as the yield strength increase. The UTS and yield strength increased
by grain refinement.

The fracture mechanism is identified in several stages. First, after necking
begins, small cavities or microvoids form in the interior of the cross section. And then,
as deformation continues, these microvoids come together and coalesce to form an
elliptical crack, which has its long axis perpendicular to the stress direction. The crack
continues to grow in a direction parallel to its major axis by this microvoid coalescence
process. Finally, fracture ensues by the rapid propagation of a crack around the outer
perimeter of the neck. Fracture appearance by laser microscope can be seen in Figure
5.11.

Figure 5.12 shows the SEM micrograph of the distributed homogeneously
dimple appearance on as ECAPed and post-ECAP annealed samples after tensile
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Figure 5.11. Fracture appearance of as-ECAPed and post-ECAP annealed sample by
laser microscope observation.
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testing. After two passes, dimple appearance became smaller. Small dimples appear at
local area and distributed on the fracture surface of four passes ECAP-processed
sample. From the observation above, it can be explained that as received sample has
good elongation with ductile fracture appearance. But with the increasing the number of
passes, fracture mode is transformed from ductile to brittle. It can be confirmed with the

decreasing elongation of ECAP-processed sample.

5.4. Conclusion

The ECAP method was used to refine the grain size of Low C, N Fe-20%Cr
alloy. With the increasing number of passes, the average grain size was gradually
refined and the minimum average grain size is about 100 nm when the sample was
extruded after eight passes at room temperature. The micro hardness and the tensile
strength increase with the number of passes, while the corresponding elongation
decreases. The annealing at 773K for 1 h can increase the average grain size to 200 nm
at eight passes ECAPed sample and improve the ductility of the ECAPed samples
at the sacrifice of a little decrease in tensile strength. It also was found that yield stress
became higher after ECAP and annealing, if it was compared with ECAPed sample with

the same grain size.
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Chapter 6. Fatigue properties of UFG low C, N, Fe-20%Cr steel by
ECAP

6.1. Introduction

Grain refinement in metals and alloys has been studied to improve the material
strength by ECAP [1,2]. Nanostructured and UFG structure metals that subjected to
cyclic loads became a significantly concern on their application [3]. There are many
studies concerning the effective deformation routes ECAP for grain refinement in FCC
structure metals such as pure aluminum [4-6], nickel [7-9], copper [10-12], and titanium
[13-15]. There are only a few report available on the relationship between the fatigue
properties and microstructure evolution of UFG low C, N Fe-20%Cr steels by various
ECAP deformation routes. These studies commonly focused on cyclic load for copper
and aluminum alloy [16-19].

UFG materials are to exhibit a lower resistance of fatigue crack growth. This
phenomena is explained in view of intrinsic factors such as reverse plastic zone size and
extrinsic factors such as roughness induced crack closure [16,20]. Since the plastic
deformation zone in the UFG materials is larger than grain size, a reverse slip of the
dislocations during unloading is often impossible so that the accumulation of damage is
large during cycling [21]. UFG materials are well known to have higher crack
resistance, which leads to an increase in high-cycle fatigue life [18]. There have only a
limited number of studies on the low cycle fatigue (LCF) behavior of UFG material

Cycle fatigue resistance and microstructural evolution of UFG materials will be

discussed in term of microstructural evolution and LCF behavior.

6.2. Experimental procedure

The material used in this experiment had a chemical composition of low C,N
Fe-20%Cr alloy with Cr 19.97, C 0.0020, N 0.0015 and Fe balance (in mass percent).
This material was machined with dimensions of 8§ mm x 8 mm x 120 mm for ECAP
pressing. ECAP was carried out using a split die with two channels intersecting at an
inner angle of 90° and an outer angle of 0° at 423 K. The samples were lubricated with

high temperature fluorine lubricating grease and pressed four passes via routes A and
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Bc. A TEM (JEM 2100F) was used to examine the microstructures. Thin foils for TEM
were polished using abrasive papers to about 100 um thick and then thinned by a twin-
jet polishing Tenupol 5 facility using a solution of 40% acetic acid, 30% phosphoric
acid, 20% nitric acid and 10% distilled water. Tensile experiments were conducted in a
universal testing machine with gy = 5x10* and 0.2 Hz frequency. Fatigue sample
dimension is 1.5 x 1.5 mm?® area and 2 mm gage length, as shown in Figure 6.1. This
specimen was grinded with grinding paper from #200 - #1500, and then polished by

electro polishing technique.

6.3. Result and discussion

The microstructure after four ECAP pass is homogeneous with several amounts
of HAGB fraction, as is commonly observed in BCC metals at this equivalent strain.
Figure 6.2 show shows a representative large area of the sample by TEM observation.
With four passes the structure becomes much more uniform, as confirmed by the large
area TEM observations shown in Figure 6.2. An elongated grain structure can be seen
in the deformed sample after four passes. SADP analysis shows a ring diffraction that
related UFG structure. It is concluded that while a UFG structure forms in many
materials during SPD, UFG can be produced in iron chromium alloys. High density
dislocation configurations are seen in TEM images. These dislocations are supposed to
be responsible for the high elastic strains which accumulate in the lattice during ECAP
by X-ray line broadening [22].

The process of grain refinement by SPD can be seen in Figure 6.3 for several
kinds of deformation route. Figure 6.3 was obtained by EBSD on transverse planes by
ECAP for four passes ECAP via routes A and Bc. Due to the low orientation resolution,
boundaries with misorientation smaller than 2° were omitted. It is apparent that grains
are finely subdivided after four pass of ECAP. After four passes via route A, grain
boundaries, mostly HAGB, are set in the planar parallel boundaries whereas via route
Bc, microstructures are equiaxed grain substructure can be recognized.

Stress strain curves can be seen in figure for the samples manufactured at 423

K with up to four ECAP passes via routes A and Bc, as shown in Figure 6.4. Work
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Figure 6.1. Schematic of fatigue specimen.
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Figure 6.2. TEM micrograph of four passes ECAP via routes A and Bc (transverse

plane).
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hardening is observed after ECAP, although the ductility is limited, as is commonly
observed in SPD metals [23-28]. After four passes, the tensile strength increases while
the elongation drastically. The ECAPed sample via routes A and Bc exhibited
comparable. Cyclic softening is common for most cold worked and ECAPed sample.
The cyclic softening is associated with dislocation density in fatigue of ECAPed sample
in general.

The fatigue life of the ECAPed via route Bc specimens is much shorter than
that of route A, as shown in Figure 6.5. This results is not unexpected in view of their
lower ductility, as has been discussed in the literature [29-34]. LCF behavior of iron
chromium steel after ECAP for up to four passes shows that the deformation
microstructure remained fine and stable after cyclic deformation. However, the LCF life
decreased along with the limited ductility, as is commonly observed for materials

manufactured by ECAP, as shown in Table 6.1.

Table 6.1. Effect of ECAP deformation route on stress amplitude and fatigue life.

No Route Stress amplitude Fatigue life
1 A Large Short
2 Be Medium Long

Fatigue fracture image by SEM of iron chromium alloy manufactured by four
passes ECAP via routes A and Bc can be seen in Figure 6.6. Fatigue appearance can be
seen less pronounced and micro cracks. According to literature, It can be showed that at
low stress amplitudes in the high cycle fatigue (HCF) regime, where plastic
incompatibilities between neighboring grains are small and can be neglected, micro
cracks tend to initiate preferentially [35].

Grain refinement by ECAP improved resistance to fatigue crack nucleation,
which is controlled by strength. However, the grain refinement has a harmful effect on
LCF properties associated with subcritical crack growth, which is controlled by ductility
[36, 37]. Fatigue fracture of routes A occurred along shear band in 45 degree, but route

Bc showed longer propagation than route A.
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Figure 6.3. Misorientation image map of four passes ECAPed by route A and Be.



Chapter 6
Fatigue properties of UFG low C, N Fe-20%Cr steel by ECAP

1000

800

600 |

400

—— 4A
—— 4Bc

Norminal stress, o (MPa)

200

0.00 0.05 0.10 0.15 0.20
Plastic strain, &

Figure 6.4. Stress and strain curve of four passes ECAPed by routes A and Bc.
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Figure 6.6. Fatigue fracture side appearance of as-ECAPed sample by routes A and Be.
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Figure 6.7. Misorientation image map of fatigue fracture side on four passes ECAP by

route A.
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EBSD analysis of fatigue fracture on route A exhibited several information,
such as linear crack propagation, initiation of crack in coarse grain area and layered
grain growth, as shown in Figure 6.7. And then, route Bc exhibited multiple crack
propagation, initiation crack in coarse grain and equiaxed grain growth, as shown in

Figure 6.8.

6.4. Conclusion

The low C, N Fe-20%Cr alloy has been subjected to SPD by ECAP at 423 K up
to four passes via route Bc. A relatively uniform nanostructure had formed after four
ECAP passes. Microstructural observations showed that the UFG structure formed by
ECAP. Following a common trend for SPD metals the yield strength increased
significantly after the first ECAP processing and kept increasing gradually with

increasing accumulated strain during further pressing.
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Chapter 7. Effect of annealing on pitting corrosion of UFG low C, N
Fe-20%Cr steels fabricated by ECAP

7.1. Introduction

SPD is now recognized as a process to fabricate nanocrystalline or UFG
metallic materials in a bulk form [1]. Deformation-induced nanocrystalline or UFG
materials by SPD exhibit high strength with smaller sacrifice of ductility [1,2]. Since
SPD does not require alloying element for strengthening, it is also expected to become
an important processing for structural application. Microstructural development and
resultant deformation-induced grain subdivision during SPD has been of interest from
scientific and practical standpoints, and have extensively been studied with mechanical
and physical properties in the last 20 years [1,3-5]. Corrosion properties are also
important properties for structural application. The beneficial effect of grain size
reduction to the nano-scale was first demonstrated for intergranular corrosion in
electrodeposited nanocrystalline nickel by the pioneering work of Rofagha et al. [6], and
followed by Kim et al [7,8]. They observed a rather smooth surface with a smaller
penetration rate at grain boundaries and thus considerable improvement in intergranular
corrosion. For SPD materials, corrosion behavior such as general corrosion [9-19],
intergranular corrosion [20-22] and pitting corrosion [20,23-31] of UFG aluminum and
aluminum alloy [16,20,21,23,24,28-31], copper and copper alloy [10,14,18,27] as well
as stainless steels [9,11,17,22,26] and magnesium [12,13,15,19] processed by SPD, and
corrosive environment dependence [32-34] have been reported. For example, corrosion
resistance of aluminum alloys has mostly been reported to improve by UFG formation
by SPD [16,20,24,28,29] and is attributed to (1) fragmentation of precipitation or
second phase which tend to be pitting sites [16,20,24,28,29], and (2) dissolution of
precipitation forming supersaturation. When the precipitation becomes smaller than
critical size, it does not work as cathode site for pitting formation [29]. For Fe-Cr steels
in which passivation occurs by Cr elements, pitting corrosion resistance is enhanced by
UFG formation by SPD because Cr diffusion to the surface is enhanced by high density

of dislocations and grain boundaries, and promotes the passivation [11,26,35,36].
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Corrosion resistance is expected to be enhanced by UFG structure by the
following two reasons. First, the increase of grain boundary area may reduce the
impurity segregation at grain boundaries. It is, in general, called “dilution effect”. If one
suppose that all impurity atoms are segregated at grain boundaries, impurity
concentration at grain boundaries become 1000 times higher than that bulk
concentration. However, it become 100 times higher than that of bulk concentration if
the grain size become 500 nm, and it becomes further reduced to 10 times in a grain size
of 20 nm, as shown in Figure 7.1.a. Reduced segregation may reduce grain boundary
energy and chemical reaction in a corrosive media so that the resistance to intergranular

corrosion, intergranular SCC, corrosion fatigue can be enhanced.

Second effect is mechanical rather than chemical. When materials are under
stress state, plastic deformation is inhomogeneous. Namely, dislocation piled up at grain
boundaries forming the local stress concentration in the vicinity of grain boundaries, as
shown in Figure 7.1.b. According to the classical dislocation theory, stress
concentration becomes n times higher than applied stress when the number of pile-up
dislocations is n. Stress concentration at grain boundaries in a corrosive environment
may facilitate crack formation along grain boundaries under static and cyclic load.
When grain size is reduced to submicron scale, dislocation can no more remain inside
the grains. Therefore, stress becomes more homogeneous. Such a homogeneous stress
state may enhance the resistance to crack formation at grain boundaries. In addition,
inhomogeneity of dislocation structures such as slip bands, deformation bands,
persistant slip bands (PSB) can be suppressed, which may also enhance the resistance to

crack formation.

UFG metals by SPD exhibits unique mechanical and physical properties.
Deformation-induced nanocrystalline or UFG structure with stored dislocations and
non-equilibrium grain boundaries are believed to cause these unique properties. For
example, Huang reported that UFG aluminum fabricated by ARB become harder by
post-ARB annealing, and becomes softer by the subsequent deformation. The present
author reported that corrosion resistance of UFG copper was inferior to coarse grain

counterparts, but was improved by short-time post-ECAP annealing without



Chapter 7
Effect of annealing on pitting corrosion of UFG low C, N Fe-20%Cr steels fabricated by
ECAP

CG UFG NC

BT L e e e o o

10pm — at% x 1000  500nm — at% x 100 20nm — at% x 10

(b)

Figure 7.1. (a) Schematic of dilution effect on UFG structure material, (b) Schematic of

local stress concentration in the vicinity of grain boundaries.



Chapter 7
Effect of annealing on pitting corrosion of UFG low C, N Fe-20%Cr steels fabricated by
ECAP

accompanying grain size change. This improvement is attributed to the grain boundary
structural change from non-equilibrium to equilibrium state. Since non-equilibrium
grain boundaries comprise the extrinsic grain boundary dislocations [1], mechanical,
physical and chemical properties should be affected [1]. However, corrosion properties
have not been well studied from this view point as compared with mechanical properties.
In this study, effect of post-ECAP annealing on pitting corrosion of low-C,N Fe-20%Cr
steels is investigated focusing on the structural transition which may occur during

annealing process.

7.2. Experimental Procedure
7.2.1 Material

The material used in this experiment has a chemical composition of low-C,N
Fe-20%Cr with Cr; 20.03, C; 0.0004, N; 0.0013 and Fe balance (in mass percent).
Measurement of chemical composition of the material was carried by Nitetsu Sumikin
Technology Co.Ltd. A chemical analysis of C, Cr and N contents were measured by
infrared absorption spectroscopy, inductively coupled plasma emission spectrometry

and inert gas fusion method, respectively.

7.2.2 Sample Processing

This material was machined with dimensions of 8 x 8 x 100 mm? for ECAP
pressing. ECAP procedures are carried out up to 8 passes at 423 K via the so-called
route Bc using a split die with two channels intersecting at an inner angle of 90°. The
samples are lubricated with high temperature fluorine lubricating grease. After ECAP,
billets were annealed using infrared furnace (ULVAC MILA5000) from 473 to 1373 K
in a vacuum for one hour. A corrosion testing specimen was prepared from an ECAPed
sample using a spark-erosion machine. The specimen was in the shape of a square with
an area of 8 mm x 6 mm and a thickness of 2 mm. This specimen was soldered with a

connection cable on the backside of the surface of the corrosion and then coated with
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epoxy molding to cover the connection. The edge area was sealed with tape to prevent
any corrosion due to edge effect of pitting corrosion. The mounted specimen was
ground with grind paper from #240 until #2000 and then polished with buff paper with
alumina suspension (PRESI™) 9 um, 3 um, and 1 pm. For the last step of the polishing

process, an OP-S suspension (Struers™) was used.

7.2.3 Micro hardness

The micro hardness experiments were performed on a Vickers hardness testing
machine under a load, for 15 s dwell time after each annealing. Hardness testing was

carried out for ten times per each sample.

7.2.4. Microstructural characterization

A FE-SEM (JSM 7001F), equipped with EBSD (Oxford Instrument Co.)
image was used to observe orientation map of grains. EBSD orientation maps were

processed using INCA™ software.

A FE-TEM (JEM 2100F) was used to examine the microstructures. Thin foils
for TEM were polished using abrasive papers to about 100 um thick and then thinned
by a twin-jet polishing Tenupol 5 facility (Struers Co.Ltd) using a solution of 40%
acetic acid, 30% phosphoric acid, 20% nitric acid and 10% distilled water.

7.2.5.XRD

XRD on ECAPed and post-annealed sample was carried out by SmartLab,
Rigaku. XRD samples surface was polished by automatic polisher. The SmartLab x-ray
diffractometer used CuKoa, 40 kV, 0.2 A from 30 until 120 deg with continuous
scanning type. FWHM was determined after fitting the scattered XRD data.
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7.2.6. Electrochemical testing

The specimen for pitting corrosion testing is shown in Figure 7.2.a. Pitting
corrosion testing was carried out in neutral solutions of 1000 mol-m> NaCl at room
temperature by dynamic anodic polarization, using a potentiostat (HOKUTO H100) at a
scan rate of 20 mV/min, a corrosion current, and an Ag/AgCl reference electrode were
recorded by a data logger. Ag/AgCl electrode reference was put in 3000 mol-m= KCl
(potassium chloride solution saturated) for three times. This pitting testing arrangement
is shown in Figure 7.2.b. Before pitting corrosion testing was carried out, argon gas
was used to remove dissolved oxygen. The testing process was initialized after the open
circuit potential (OCP) of the specimen was stabilized. The polarization was started

from 50mV lower than the OCP after immersion in the test solution for 5 minutes.

The potential at which the passivation starts to break down at localized areas, leading to
pitting, is defined as the pitting potential. Pitting potential can be determined from
anodic polarization curve as the potential at which the current starts to sharply rise with
increasing potential [37] and pitting potential was defined accordingly as shown in Fig.

1.13. The pitting potential of as received specimen was -0.033 V versus Ag/AgCl.

7.3. Results
7.3.1. Micro hardness

Vickers hardness of after the post-ECAP annealing at temperature ranging
from 473-1373K was shown in Figure 7.3. The hardness exhibited the typical three-
stages softening. Namely, the hardness remained relatively constant after the annealing
at temperature up to 698 K and then declined considerably until the temperature of 973
K. The hardness remained again constant at higher temperature. In the general
interpretation for this softening behavior, recovery process might proceeds
accompanying dislocation rearrangement and annihilation in the first stage where the

hardness relatively remains constant, followed by the recrystallization which
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Figure 7.2. (a) Pitting testing specimen, (b) schema of specimen (electric conduction),

(c) Schematic of pitting testing equipment arrangement.
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accompany the noticeable softening in the second stage and grain growth of constant

hardness again as the third stage.

7.3.2. Microstructural characterization

OIM by EBSD after the post-ECAP annealing is shown in Figure 7.4. UFG
structure of grain size less than 200 nm can be recognized in as-ECAPed state, and the
grain size remained constant in the first stage at temperature up to 698 K. In the second
stage from 698 to 973 K where significant softening occurred, uniform grain growth
was observed. This uniform grain growth during post-ECAP annealing is contrasted
with those observed in FCC structure metals such as copper [38-41], nickel [41, 32] and
austenitic stainless steels [43] where a small fraction of grains grow preferentially,
replacing the other smaller grains. This inhomogeneous microstructure coarsening
observed in FCC metals is similar to abnormal grain growth, and can be viewed also as
nucleation and the grain growth process in the discontinuous recrystallization [38]. In
BCC structure metals, on the other hand, strain energy stored as dislocations can be
released in recovery process easily prior to recrystallization. Therefore, strain energy
stored in UFG structures in as-ECAP state was possibly released prior to the next stage,
resulting in the formation of UFG with less stored strain energy. Uniform grain size
distribution with high fraction of HAGB may lead to uniform grain growth whose
driving force is solely grain boundary energy [44], rather than the nucleation-growth

mode of restoration which requires strain energy as driving force.

The micro hardness indenter appearance and Hall-Petch relation for annealed
UFG specimens can be seen in Figure 7.5. The linear fit was applied only to data
corresponding to annealing temperatures from 298 — 823 K. In high temperature range,
only the grain size affects material hardness as the dislocation density is high. At low
temperatures, both grain size and dislocation density contribute to strengthening and the
linear fit of microhardness data. Figure 7.6 shows TEM micrographs of as-ECAPed and
after post-ECAP annealing at 698 K. If one compares two micrographs, the grain sizes

are essentially the same, and little difference is recognized. However, detail observation
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can notice that there are some grains with darker contrast in as-ECAPed state, which

indicate dislocation was stored inside grains.

This suggests that some fraction of dislocations stored by SPD was released by
the post-ECAP annealing. Figure 7.7 shows XRD after ECAP and the annealing. In as-
ECAP state, significant line broadening can be observed, and this line broadening is a
result of non-equilibrium grain boundaries having a high density of extrinsic defects in
their structure and resultant long range elastic stresses [45,46]. After the annealing this
line broadening becomes sharper with increasing temperature. Thus, the parameter X is

defined as a measure of the structural change during the annealing as follows:

Wi -w)

Wa—W)) -1

where W, is width of the peak at half height at temperature 7i, W; and Wy are
those in recrystallized and deformed state, respectively. Figure 7.8 shows the variation
of X parameter of {110} as a function of annealing temperature. Note that the parameter
X started to decrease at lower temperature than that hardness decreased as shown in
Figure 7.3. This early reduction of X was reported in pure iron [47], and can be
interpreted as follows, (1) the partial annihilation of stored dislocations by recovery
process. Recovery process is fast in BCC as compared with FCC metals because of easy
cross-slip of screw dislocations, and (2) change from non-equilibrium grain boundaries
to equilibrium grain boundaries and relaxation of internal elastic stress. Since non-
equilibrium grain boundaries have extrinsic grain boundaries dislocations, they exert
stress field in grain interior. The annihilation and rearrangement of extrinsic dislocations

result in the relaxation of internal elastic stress [45, 46].

7.3.3. Electrochemical properties

The Figure 7.9 shows the time-dependence of the anodic current density of
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Figure 7.6. TEM micrographs (a)after eight passes ECAP, and (b) after post-ECAP
annealing at 698K
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passes number variation at 1,2,4 and 8 passes via route Bc, while kept at constant
potential. The anode current density of ECAPed sample increased sharply after a certain

period of time due to the initiation of pitting corrosion.

The time required before the initiation of pitting corrosion for sample was
longer with high pass number ECAP than without. It could be seen in Figure 7.9,
Sample of 8 pass ECAP shows the slowest corrosion occurrence. The degree of increase
in time of sample with high pass number ECAP was smaller than that without. The
anodic current density after initiating pitting corrosion, or the growth rate of pitting
corrosion, was also smaller with ECAP than without ECAP. Resistance to pitting
corrosion is investigated by dynamic anodic polarization tests as shown in Figure 7.10.
As typical anodic behavior, anodic current stayed at relatively constant level and
increased abruptly at a nobler potential than a critical value where pitting start to form.
Only as-ECAPed state exhibited anomalous two-stage development prior to pitting.
This high anodic current at passive region in as-ECAPed state may be associated with
defective passive film formed on the surface with high grain boundaries and dislocation
density. Pitting potential, E, versus Ag/AgCl, increased with annealing temperature as
shown in Figure 7.11. (a). If E, versus Ag/AgCl is plotted as a function of the
parameter X, then these two has linear relation, as shown in Figure 7.11(b). Pitting
corrosion was confirmed from laser microscope observations, which shows that larger

and more pitting corrosion occurred after annealing process as shown in Figure 7.12.

7.4. Discussion

Pitting corrosion of stainless steel is a form of corrosion in which the
chromium in the passive layer is dissolved removing iron. Pitting is localized attack that
can produce penetration of a stainless steel with weight loss to the total structure. Pitting
is associated with a local discontinuity of the passive film. It can be a mechanical
imperfection, such as an inclusion or surface damage, or it can be a local chemical

breakdown of the film [48]. Once a pit is formed, it in effect becomes a crevice; the
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Figure 7.12. Laser microscope showing pitting corrosion of (a) as-ECAPed, (b)
annealead at 573 K, (¢) 773 K.
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local chemical environment is substantially more aggressive than the bulk environment
[48]. This explains why very high flow rates over a stainless steel surface tend to reduce

pitting corrosion; the high flow rate prevents the concentration of corrosive species in

the pit [48].

The chemical composition of the alloy plays a major role in affecting the
pitting potential. In stainless steels, chromium is the main alloying elements required to
improve the pitting resistance. Increasing chromium content enhanced the stability of
the passive film against pitting attack. The pitting potential was correspondingly found
to increase dramatically as the chromium content has increased above the critical 13%

needed to create stainless steel [49].

The effect of grain size on pitting potential can be seen in Figure 7.13. This
electrochemical testing exhibited low rates of corrosion or some level of passivity
corrosion rated decreased with grain size reduction. This occurrence is coherent with
pure grain refinement being principally confined to controlling the rate of anodic
reactions and having little role in altering the rate at which cathodic reactions can be

sustained [50].

This study was often reported that resistance to corrosion of stainless steel was
enhanced by UFG formation by SPD [26,35,36]. This is often explained by the higher
diffusion of Cr enhanced by high density of grain boundaries [$1-53]. The higher
diffusion of Cr is considered that the passive film form by selective dissolution of Fe
atoms into the solution and resultant enrichment of Cr at the surface [54,55]. When
pitting started to form, Cr concentration decreased locally, but this area would be
supplied by enhanced Cr diffusion in UFG structures. If one can apply this idea to the
present results, linear relation of X and Ep versus Ag/AgCl can be interpreted by the
faster diffusion Cr along the stored dislocations inside the grains or/and non-equilibrium
grain boundaries [56,57]. Indeed, the result has been shown that the grain boundary
diffusivities in nanostructured metals processed by means of SPD in the temperature
range of 398-448 K are 4-5 orders of magnitude higher relative to the same materials in

a coarse-grained state [S6]. Namely, early reduction of Ep versus Ag/AgCl by the
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annealing can be caused by diminish of dislocations or transformation from non-
equilibrium to equilibrium grain boundaries. It was suggested that dislocation
arrangements during the strain hardening stages could better explain this trend

according to electrochemical approaches [S8].

7.5. Conclusion

Effect of post-ECAP annealing on the pitting corrosion of UFG low-C, N Fe-
20%Cr steels fabricated by ECAP was studied. It was found that softening occurred by
the typical three-stage change comprising of recovery with constant hardness, and
subsequent recrystallization accompanying significant softening, and the final grain
growth with constant hardness. Pitting potential was nobler in UFG state and more
sensitive to annealing temperature than hardness. Namely, pitting potential started to
decrease monotonously at lower temperature than the hardness which reflected grains
size change. The early reduction of the pitting potential in the recovery process is
attributed to less stabilized passivation caused by the rearrangement and annihilation of
dislocations inside grains and in non-equilibrium grain boundaries. This result is
concluded that nobler potentials of UFG states are realized by not only grain size

reduction but also defective deformation-induced UFG.
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Chapter 8. Corrosion fatigue properties of UFG low C, N Fe-20%Cr
steel by ECAP

8.1. Introduction

Equal-channel angular pressing (ECAP) is a technique using simple shear to
produce bulk metallic materials with submicrocrystalline and high mechanical
properties [1,2]. A very large plastic deformation leads to formation of inhomogeneous
structures resulting in different of corrosion properties such as corrosion fatigue and
stress-corrosion cracking (SCC) [3-6].

SCC is a cracking that occurred by synchronized behavior of a corrosion and
tensile stress, as shown in Figure 8.1.a. This cracking excludes a reduced corrosion
which fails by rapid fracture. SCC is related three parameters, such as [7]: (1)
vulnerable material, (2) environment and (3) tensile stress. On the other hand, corrosion
fatigue is a fatigue test which carried out in corrosive environment, as shown in Figure
8.1.b. The corrosive environment is a significant role in the fatigue limit.

Fatigue corrosion is considered to be the main research topic of degradation
metal mechanism in corrosive environment. The fatigue life is limited due to pit
formation on the metal surface which is causing the crack initiation from pitting
corrosion, as shown in Figure 8.2.

Characterization of corrosion fatigue of materials with the ultra-fine grain (UFG)
size is importance to be observed. The corrosion behavior of ECAP material has
reported in limited intention. The rate of dissolution of the UFG is higher in comparison
with coarse grained material, as discussed in Chapter 7 [8,9]. The corrosive damage
makes ECAP material attractive for practical applications in corrosive environment. The
behavior of ECAP materials immersed into corrosive environment under stress has not
been investigated yet.

Two mechanisms for crack propagation have been well recognized for stainless
steel, as shown in Figure 8.3. One is slip step dissolution mode. In this model, slip step
formed by active dislocation at a crack tip is dissolution anodic reaction, so that crack
tip advance to further distance. The other is stress adsorption mechanism. In ideally

brittle fracture, the work to form crack, W, become 2-y. where ¥ is surface energy and
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b 1S grain boundary energy. In this model, surface energy is reduced chemisorption so
that the W is reduced. If 2ys=ygb, W = (0. It means that crack can form at essentially no
stress. In either model, grain boundary energy . can influence the crack advance. If
7gb become higher, anodic dissolution can be enhanced in the former model, thus crack
advance is facilitated. In the latter model, the increased jy» can also reduce the work, W.

Both the corrosion and stress can affect the rate of crack advance in SCC and
corrosion fatigue. However, degree of the effect of the two different among the
materials-corrosion systems shows the various materials-environment system and
degree of contribution of corrosion/stress, as shown in Figure 8.4. In carbon steel in
NOs system, crack advance is dominated by mostly corrosion (right hand side) while it
is dominated by stress in high strength steel in H>O system. In former case, fracture
mode seems to intergranular corrison while it seems brittle fracture in the latter case. In
stainless steel in CI” system, contribution by corrosion and stress is comparable, and
materials parameters may determine the fracture mode as follow.

In ductile material-corrosion system, there may be three schema of crack
propagation as shown in Figure 8.5. On is transgranular crack propagation by slip-step

dissolution in relatively larger grain size. Stress intensity factor to advance a crack is

given AKg = id, thus it become higher with an decreasing grain size. In the other

extreme case with smaller grain size, there may be two kinds of crack path, as shown in
Figure 8.5. In corrosive environment where chemical reaction at grain boundary (GB)
1s active, so that crack tends to take GB path.

When grain size is reduced under submicron size, dislocation activity is
suppressed. Thus mechanism tends to change from transgranular ductile fracture by
slip-step dissolution to intergranular or transgranular brittle fracture, as shown in Figure

8.5. If one suppose the intergranular fracture (right upper), stress intensity to require

crack advance AKgh = /(Zys — ygb)E . In this case, the reduction of GB energy e

leads to higher AKgb. Namely, it is expected that resistance to crack propagation can be
enhanced by change from non-equilibrium to equilibrium grain boundary, as shown in

Figure 8.6. However, pitting potential, Ep become lower by changing to equilibrium
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grain boundary, as discussed in Chapter 7. Therefore, overall resistance to corrosion
fatigue, is determined by the balance between Ep and AKgb after short time annealing.
In ductile materials under cyclic stress in corrosive environment, crack path
change from transgranular to intergnranular mannter with a tends to propagate
transgranularly since AKy is lower than AK,, and AK;. When grain boundary energy
becomes lower, K¢, becomes higher. Thus, critical grain size where the transition from
transgranular to intergranular moves to a smaller grain size and resistance to crack

propagation is enhanced as shown in Figure 8.6.

8.2. Experimental procedure

The material used in this experiment had a chemical composition of low CN Fe-
20%Cr alloy with Cr 19.97, C 0.0020, N 0.0015 and Fe balance (in mass percent). This
material was machined with dimensions of § mm x 8§ mm x 120 mm for ECAP
pressing. ECAP was carried out using a split die with two channels intersecting at an
inner angle of 90° and an outer angle of 0° at 423 K. The samples were lubricated with
high temperature fluorine lubricating grease and pressed for four passes via route Bc.
Annealing process was carried out at 773 K for one hour. A TEM (JEM 2100F) was
used to examine the microstructures. Thin foils for TEM were polished using abrasive
papers to about 100 pm thick and then thinned by a twin-jet polishing Tenupol 5 facility
using a solution of 40% acetic acid, 30% phosphoric acid, 20% nitric acid and 10%
distilled water. Mechanical and electrochemical properties were measured by micro
hardness and pitting corrosion. The micro hardness experiments were performed on a
Vickers hardness testing machine at room temperature. Corrosion fatigue testing was
carried out at ambient temperature in a flat polarization cell, using platinum counter
electrodes and SCE reference electrodes to measure the corrosion current and corrosion
potential. The corrosion fatigue characteristic was obtained in neutral solutions 1 M
NaCl, under stress amplitude of 200MPa. Corrosion fatigue sample and testing machine

arrangement can be seen in Figure 8.7 and 8.8.

8.3. Results and Discussion

The micro hardness ECAPed and post-ECAP annealing is shown in Figure 8.9.
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The micro hardness of ECAPed shows higher than post-ECAP annealing due to
result from the slightly recrystallization accompanying with softening, as shown in
Figure 8.9.

The microstructure of TEM was also observed on ECAP and after post-ECAP
annealing at 773K for one hour, as shown in Figure 8.10. Under annealing temperature
of 773 K, due to the recrystallization stage, there was a little difference in
microstructure from the four passes ECAP. The microstructure of ECAPed sample
exhibited a dark contrast and smaller grain size compared to that of the post-ECAP
annealing. The dark contrast indicates that the dislocation was kept inside the UFG
structure. The light contrast appeared at the TEM micrograph of the post-ECAP
annealing due to the releasing of dislocation in grains.

Figure 8.11 shows XRD after ECAP and the post-ECAP annealing. In as-
ECAP state, significant line broadening can be observed, and this line broadening is a
result of non-equilibrium grain boundaries having a high density of extrinsic defects in
their structure and resultant long range elastic stresses [8,9].

Dislocation density and crystallite size can be identified by X-Ray broadening analysis.
The crystallite size increased with annealing process. On the other hand, dislocation
density decreased with the annealing process. It can be seen in Figure 8.12.

Grain boundary misorientation maps on ECAP and after post-ECAP annealing
are represented in Figure 8.13. HAGB fraction on ECAPed microstructure are
predominant with little fraction of LAGB. Because of low orientation resolution,
boundaries with misorientation smaller than 2° was omitted. Homogeneous
microstructure evolution with small equiaxed grains and high HAGB fraction was
exhibited on post-ECAP annealing sample until 698 K. However, grain size increased
gradually until the annealing temperature of 1373 K, but HAGB fraction almost
remained constant. OIM of on the effect of corrosion fatigue of the ECAP sample are
observed in rolling direction, as shown in Figure 8.13. It is apparent that grains are
finely subdivided in the first pressing but in spite of that the former material has a larger
grain size before the ECAP. Furthermore, arrays of planar and extended grain

boundaries are developed parallel to the macroscopic shear plane of ECAP.
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Figure 8.10. TEM micrograph of ECAPed and post-ECAP annealed sample. Observed

from transverse direction.
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Stress strain curves of as ECAPed and post ECAP annealed sample can be seen
in Figure 8.14. Work hardening is observed after ECAP, although the ductility is
limited, as is commonly observed in SPD metals. Four passes, the tensile strength
increases while the elongation drastically compare to post-ECAP annealed sample. This
implies that the improvement in strength accompanies with the loss of the ductility in
the ECAPed sample. After the annealing process, the tensile strength of the samples
extruded four passes decreases, while the elongation increases. In general, the ductility
of the ECAPed samples can be improved by annealing process at the sacrifice of a little
decrease of tensile strength.

Figure 8.14 exhibited post necking elongation at Fe-Cr alloys post-ECAP
annealed sample. Post necking elongation can be affected from the grain structure
which is equiaxed. The post necking elongation of post-ECAP annealed sample was
larger than as-ECAP sample. HAGB can affect post necking elongation of equiaxed
grain sample.

Figure 8.15.a shows the SEM micrograph of the fracture surface on as ECAPed
and post-ECAP annealed sample after tensile testing. The observation with high
magnification on as ECAPed and post-ECAP annealed sample had been done to
understand dimple appearance on the fracture surface. Dimple appearance of post-
ECAPed annealed was distributed homogeneously, as shown in Figure 8.15.b. From the
observation above, it can be explained that post-ECAP annealed sample has good
elongation with ductile fracture appearance. But as-ECAPed sample, fracture mode is
transformed from ductile to brittle. It can be confirmed with the decreasing elongation
of ECAP-processed sample.

It was often reported that resistance to pitting corrosion resistance of stainless
steel was enhanced by UFG formation by SPD [10-12]. This is often explained by the
higher diffusion of Cr enhanced by high density of grain boundaries [13-15]. It is
considered that the passive film form by selective dissolution of Fe atoms into the
solution and resultant condensation of Cr at the surface [16,17]. Pitting corrosion
resistance of as ECAPed and post-ECAP annealed sample can be seen in Figure 8.16.
When pitting started to form, Cr concentration decreased locally, but it would be

supplied by enhanced Cr diffusion in UFG structures [18,19]. Indeed, it has been shown
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Figure 8.14. Stress and strain curve of as-ECAPed and post-ECAP annealed sample.



o
Corrosion fatigue properties of UFG low C, N Fe-20%Cr steel by ECAP

Left

Figure 8.15. (a) Laser microscope observation of as-ECAPed and post-ECAP annealed
sample, and Dimple appearance of (b) as-ECAPed and (c)post-ECAP annealed sample.
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Figure 8.16. (a) Pitting corrosion resistance and (b) pitting appearance, of as-ECAPed

and post-ECAP annealed sample.
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Figure 8.17. Cyclic deformation of (a) as-ECAPed and (b) post-ECAP annealed sample.
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that the grain boundary diffusivities in nanostructured metals processed by means of
SPD in the temperature range of 398—448 K are 4-5 orders of magnitude higher relative
to the same materials in a coarse-grained state [18]. Namely, early reduction of Epj
versus Ag/AgCl by the annealing can be caused by diminish of dislocations or
transformation from non-equilibrium to equilibrium grain boundaries.

Corrosion fatigue test on ECAPed and post-ECAP annealed sample was
clarified that crack initiation started from corrosion pits and propagated. Cyclic
deformation of as ECAPed and post-ECAP annealed sample can be seen in Figure 8.17.
Crack initiation and propagation on corrosion fatigue can be observed clearly. Crack
propagation was occurred at the corrosion fatigue crack tip. This crack propagation is
characteristics in corrosion fatigue process. It can be concluded that corrosion fatigue
life of iron chromium alloy is managed by initiation and growth of corrosion pits.

After corrosion fatigue tests, the sample was observed by electron microscope,
as shown in Figure 8.18. Corrosion pits can be seen on the surface of sample. Fracture
happened after connected of many micro cracks. Figure 8.18 shows Fatigue fracture
image by SEM of iron chromium alloy manufactured by ECAP and post-ECAP

annealing. Fatigue appearance can be seen less pronounced and micro cracks.

8.4. Conclusion

Corrosion fatigue crack initiation process of UFG iron chromium alloy was
briefly reviewed on experimental results. The corrosion fatigue crack initiation and
crack propagation process of iron chromium alloy can be characterized by corrosion pits
and intergranular fracture, respectively. The most of the corrosion fatigue life of iron

chromium alloy is spend by fatigue crack initiation.
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Chapter 9. Conclusions and contributions to original knowledge

The microstructural evolution, mechanical and electrochemical properties of
low C,N Fe-20%Cr subjected to SPD by ECAP and subsequent isothermal annealing

has been investigated.

9.1. Conclusion of chapters 2-8

In Chapter 2, the microstructural evolution of Fe-Cr alloys and pure copper
processed by ECAP for up to three passes was quantitatively analyzed by EBSD
focusing on the initial stage of UFG formation. The deformation microstructure after
one pass consists of deformation-induced extended subgrain boundaries typical to the
geometrically necessary boundaries. The density of the boundaries is higher in Fe-Cr
alloys than pure copper. With increasing ECAP passes, the fraction of HAB and mean
misorientation angle increase, and HAB spacing decreases. This phenomenon is
noticeable in Fe-Cr steels, and can be explained in terms of slip behavior intrinsic to
BCC structure.

In Chapter 3, the microstructural evolution of extremely this alloy processed by
ECAP from one to eight passes via routes A, Bc, and C were quantitatively analyzed by
focusing on the degree of their anisotropy. The degree of anisotropy of microstructures
was different among the three deformation routes. They were generally isotropic in
route Bc, namely the grains were equiaxial, and the hardness was comparable in the
three orthogonal planes.

In Chapter 4, the effect of the annealing behavior on a UFG this alloy by ECAP
was studied focusing on the residual dislocation-related strain on early stage of grain
growth. The softening of a material occurred in the typical three stages, comprised of
recovery with constant hardness, and subsequent significant softening accompanying
homogeneous grain-growth, and the final slow grain growth with little change of
hardness. The extended recovery stage was confirmed by XRD prior to the appreciable
grain-growth. The microstructure of the recovery stage shows homogeneous coarsened
grain with grain appearance comparable with the ECAP processed structure.

In Chapter 5, ECAP processed and post-ECAP processed was comparable in
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term microstructural evolution and tensile properties. With the increasing number of
passes, the average grain size was gradually refined and the minimum average grain size
is about 100 nm when the sample was extruded after eight passes at room temperature.
The micro hardness and the tensile strength increase with the number of passes, while
the corresponding elongation decreases. The annealing at 773K for 1 h can increase the
average grain size to 200 nm at eight passes ECAPed sample and improve the ductility
of the ECAPed samples at the sacrifice of a little decrease in tensile strength.

In Chapter 6, fatigue properties of ECAP processed and post-ECAP processed
was analyzed in term of microstructural evolution and LCF behavior. The
microstructure after four ECAP pass is homogeneous with several amounts of HAGB
fraction, as is commonly observed in BCC metals at this equivalent strain. The ECAPed
sample via routes A and Be exhibited comparable. Cyclic softening is common for most
cold worked and ECAPed sample. The cyclic softening is associated with dislocation
density in fatigue of ECAPed sample in general. LCF behavior of iron chromium steel
after ECAP for up to four passes shows that the deformation microstructure remained
fine and stable after cyclic deformation.

In Chapter 7, effect of post-ECAP annealing on the pitting corrosion of UFG
iron chromium alloy fabricated by ECAP was studied. The hardness was found that
softening occurred by the typical three-stage change comprising of recovery with
constant hardness, and subsequent recrystallization accompanying significant softening,
and the final grain growth with constant hardness. Pitting potential was more nobles in
UFG state and more sensitive to annealing temperature. Namely, pitting potential started
to decrease monotonously at lower temperature than the hardness which reflected grains
size change. The early reduction of the pitting potential in the recovery process is
attributed to less stabilized passivation caused by the rearrangement and annihilation of
dislocations inside grains and in non-equilibrium grain boundaries. This result is
concluded that nobler potentials of UFG states are realized by not only grain size
reduction but also defective deformation-induced UFG.

In Chapter 8, corrosion fatigue crack initiation process of UFG iron chromium
alloy was briefly reviewed on experimental results. The corrosion fatigue crack

initiation and crack propagation process of iron chromium alloy can be characterized by
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corrosion pits and intergranular fracture, respectively. The most of the corrosion fatigue

life of iron chromium alloy is spend by fatigue crack initiation.

9.2. Contributions to original knowledge of chapters 2-8

This thesis contributions to original knowledge are :

e In Chapter 2, this is the first study that the effects of microstructural evolution on the
mechanical properties of an UFG low C, N Fe-20%Cr alloy and pure copper by
ECAP. The microstructural parameters quantified by EBSD are connected to the
mechanical properties. This influence was associated to fraction LAGBs and
HAGB.

e In Chapter 3, this is the first study that the effect of deformation route ECAP on
mechanical and electrochemical properties. The degree of anisotropy of
microstructures was investigated in different planes among the three deformation
routes

e In Chapter 4, This is the first study that details the annealing behavior of UFG low
C,N Fe-20%Cr by ECAP. The softening of a material occurred in the typical three
stages, comprised of recovery with constant hardness, and subsequent significant
softening accompanying homogeneous grain-growth, and the final slow grain
growth with little change of hardness.

e In Chapter 5, This is the first comparison study between ECAP processed and post-
ECAP annealed of UFG iron chromium alloy in term of microstructural evolution
and tensile properties.

e In Chapter 6, this is the first study that effect of deformation route ECAP of UFG
iron chromium alloy. Fatigue behavior of iron chromium steel after ECAP for up to
four passes shows that the deformation microstructure remained fine and stable after
cyclic deformation.

e In Chapter 7, this is the first study about the effect of strain energy and grain size on
corrosion resistance of UFG low C,N Fe-20%Cr alloy. The degradation of corrosion
resistance in the early stage of annealing is attributed to stability change of
passivation by recovery of dislocations structures inside grains and in non-

equilibrium grain boundaries.
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e In Chapter 8, this is first study that effect of annealing behavior on UFG structure of
iron chromium alloy by ECAP in term of corrosion fatigue crack initiation and

propagation.



